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ABSTRACT 


This  report  provides  data  and  guide  lines  vhich  will  enable 
circuit  designers  to  assess  and  design  for  the  effects  of  radiation 
on  space  newer  subsystems.  Radiation  effects  on  resistors,  capacitors, 
bipolar  transistors,  diodes,  integrated  circuits,  MOSFET's,  SCR's  and 
other  electronic  components  are  included.  In  addition,  a  section  on 
catastrophic  failure  in  semiconductors  dealing  with  latch-up  and  burn-out 
is  presented.  Radiation  effects  on  plastic  and  elastomeric  materials 
coaaonly  used  in  space  systems  are  given.  Various  system  and  circuit 
hardening  concepts  for  the  electronic  circuit  designer  are  presented. 

Part  II,  a  classified  suppleamnt  not  included  in  this  volume,  contains 
information  on  the  radiation  environment,  shielding  techniques, 
radiation  effects  on  metals  and  alloys  and  solar  cells,  and  thermo- 
mechanical  effects. 


iii 


TABLE  0*  CONTENTS 


FOREWORD  11 

ABSTRACT  ill 

TABLE  OF  CONTENTS  v 

LIST  OF  FIGURES  viil 

LIST  OF  TABLES  xiv 

1.0  INTRODUCTION  1-1 

2.0  DESCRIPTION  OF  COMPONENT  EFFECTS  2-1 

2.1  Resistors  2-4 

2.2  Capacitors  2-6 

2.3  Bipolar  Transistors  2-8 

2.3.1  Calculating  Transient  Effects  2-8 

2.3.2  Calculating  Permanent  Effects  2-22 

2.3.3  Estimating  Transient  Effects  2-23 

2.3.4  Estimating  Permanent  Effects  2-25 

2.3.5  Surface  Effects  2-39 

2. 3. 5.1  Passivated  and  Unpassivated  Devices  2-40 

2. 3. 5. 2  Radiation  Effects  in  the  Unpassivated 

Device  2-42 

2. 3. 5. 3  Radiation  Effects  in  the  Passivated 

Device  2-49 

2. 3. 5. 4  Device  Selection  Recommendations  2-50 

2.3.6  Beta  Annealing  2-54 

2.4  Diodes  2-56 

2.5  Integrated  Circuits  2-61 

2.5.1  General  Discussion  2-61 

2.5.2  Permanent  Damage  Effects  2-62 

2. 5. 2.1  Gates  2-63 

2. 5. 2. 2  Flip-Flops  2-63 

2.5.3  Transient  Effects  2-72 


TABLE  OP  CONTENTS  (Continued) 


Pa&£ 


2.6  Catastrophic  Failure  2-8? 

2.6.1  PNPN  Latch- Up  2-87 

2.6.2  Second  Breakdown  Latch-Up  2-92 

2.6.3  Thin  Ft l*  Interconnect  Burn-Out  2-94 

2.6.4  Bonding  Wiif*  Bum-Out  2-97 

2.6.5  Junction  Damage  2-99 

2. 6. 5. 1  Effects  of  Circuit  Resistance  2-99 

2. 6. 5. 2  Typical  Circuit  and  Component 

Resistances  2-103 

2. 6. 5. 3  Experimental  Studies  2-106 

2. 6. 5. 4  Theoretical  Studies  2-121 

2. 6. 5. 5  Radiation  Studies  2-127 

2.7  MOSFET  * s  2-136 

2.8  Silicon  Controlled  Rectifiers  2-138 

2.9  Solar  Cells  (See  Classified  Supplement) 

2.10  Other  Components  2-145 


3.0  MATERIAL  EFFECTS  (See  Classified  Supplement  for  3-1 

Additional  Information) 

3.1  Mechanisms  3-1 

3.1.1  Atomic  Displacements  3-1 

3.1.2  Atomic  Ionization  3-1 

3.1.3  Thermomechanical  Effects  3-2 

3.2  Organics  3-2 

3.2.1  Elastomers  3-3 

3.2.2  Plastics  3-4 

3. 2. 2.1  Fluorethylene  Polymers  3-6 

3. 2. 2. 2  Cellulosics  3-11 

3. 2. 2. 3  Polyamide  (Nylon)  3-11 

3. 2. 2. 4  Polyesters  (Unfilled)  3-11 

3. 2. 2. 5  Amino  Resins  3-11 

3. 2. 2. 6  Polymide  3-12 

3.2.3  Organic  Fluids  3-12 


a 


vi 


TABLE  OF  CONTENTS 


(Continued) 


Ssat 

4.0  GENERAL  SYSTEM  AND  CIRCUIT  HARDENING  CONCEPTS  4-1 

4.1  Description  4-1 

4.2  Linear  Circuits  4-6 

4.3  Nonlinear  Circuits  4-11 

4.4  Photocurrent  Compensation  4-16 

4.5  Filtering  4-20 

4.6  Charge  Control  4-24 

4.7  Reduction  of  Time  Constants  4-28 

4.8  Magnetic  Devices  4-31 

4.9  Sumnary  4-31 

APPENDIX  1  TABULATED  TRANSISTOR  RADIATION  EFFECTS  DATA  A-l 

REFERENCES  r.j 

BIBLIOGRAPHY  B-l 


vii 


LIST  OF  n CUKES 


Batott  Title  Isas. 

1-1  Significant  Nuclear  Weapon  Radiation  Components  1-3 

1- 2  Type*  of  Radiation  Effects  on  Electronics  1-3 

2- 1  Relative  Snsceptablllty  of  Components  to  Circuit  Failure 

In  Ionising  Environment  (10®  rad (Si) /s)  2-2 

2-2  Susceptibility  of  Components  to  Circuit  Failure  in  a 

Neutron  Environment  2-2 

2-3  System  Transistor  Failure  as  a  Function  of  Neutron  Dose  2-3 

2-4  Equivalent  Model  of  a  Resistor  Under  Irradiation  2-5 

2-5  Equivalent  Model  of  a  Capacitor  Under  Irradiation  2-5 

2-6  Bipolar  Transistor  in  Radiation  Induced  Saturation  2-9 

2-7  Simplified  Equivalent  Circuit  of  an  NPN  Transistor 

Under  Irradiation  2-9 

2-8  Depletion  Width  as  a  Function  of  Vg  at  Avalanche  nod  b  2-13 

2-9  AW  as  a  Function  of  at  Avalanche  and  b  2-15 

2-10  T  vs  Stored  Charge  at  Various  AW’s  2-16 

2-11  Diode  Storage  Time  Measurement  Circuit  2-17 

2-12  Transistor  Radiation  Storage  Time  Model  2-21 

2-13  Radiation  Storage  Time  Nomograph  2-21 

2-14  Beta  Degradation  vs  Neutron  Dose  for  Typical  Transistors  2-24 

2-15  Primary  Photocurrent  (ipp)  vs  £j  2-26 

2-16  Primary  Photocurrent  (ipp)  vs  (Silicon  Transistors)  2-27 

2-17  Primary  Photocurrent  (ipp)  vs  P «  (Germanium  Transistors)  2-28 

2-18  Radiation  Storage  Time  (tgR)  vg  fj  2-29 

2-19  Radiation  Storage  Time  (tgR)  vs  Pq  (Silicon  Transistors)  2-30 

2-20  Radiation  Storage  Time  (tgR)  vs  Pg  (Germanium  Transistors)  2-31 

2-21  Normalized  h.^.  Degradation  as  a  Function  of  f-j  and 

Neutron  Do6e  2-38 

2-22  Gain  versus  Gamma  Exposed  for  a  PNP  Ge  Alloy  2N396A 

Translator  2-45 

2-23  Gain  Degradation  of  a  PNP  Si  Mesa  2N1132  Transistor  2-46 


viii 


LIST  OF  FIGURES  (Continued) 

Number 

mis 

Page 

2-24 

Radiation  Damage  of  a  PNP  Si  Alloy  2N1676  Transistor 

2-47 

2-25 

Radiation  Damage  of  a  NPN  Si  Diffused  Junction 

2N124S  Transistor 

2-48 

2-26 

Effect  of  Radiation  on  Leakage  Current  of  a  2N2222 
Transistor 

2-53 

2-27 

Effect  of  Radiation  on  Leakage  Current  of  a  2N2801 

Transistor 

2-53 

2-28 

Annealing  Factor  of  Transistors  as  a  Function  of  Time 

After  a  Neutron  Pulse 

2-55 

2-29 

Primary  Photocurrent  vs  y  for  Various  Diodes 

2-58 

2-30 

Primary  Photocurrent  vs  Iq 

2-60 

2-31 

Basic  Gate  Circuits 

2-64 

2-32 

Degradation  of  Trigger  Threshold  Level  for  ac  Coupled 

DTL  Flip-Flops 

2-70 

2-33 

Degradation  of  Trigger  Threshold  Level  for  dc  Coupled 

DTL  Flip-Flops 

2-71 

2-34 

Degradation  of  Trigger  Threshold  Level  for  RCTL  Flip-Flops 

2-73 

2-35 

Degradation  of  Trigger  Threshold  Level  for  RTL  Flip-Flops 

2-74 

2-36 

Degradation  of  Trigger  Threshold  Level  for  One-Shot 
Multivibrators 

2-75 

2-37 

Output  Response  vs  Dose  Rate  for  the  2TUL932  (0  State) 

2-76 

2-38 

Output  vs  Dose  Bate  for  the  DIUL932  Q.  State) 

2-77 

2-39 

Current  Surges  vs  Dose  Rate  for  the  Di^L932  (1  State) 

2-78 

2-40 

Current  Surges  vs  Dose  Rate  for  the  I/IUL932  (0  State) 

2-79 

2-41 

Transistor  Secondary  Photocurrent  vs  Dose  Rate  for 
the  DBAL932 

2-80 

2-42 

PN  Junction  Isolated  Integrated  Circuit 

2-89 

2-43 

Equivalent  Circuit  for  Latch-Up 

2-91 

2-44 

Transistor  Second  Breakdown  Characteristic 

2-93 

2-45 

Current  vs  Pulse  Width  Burn-Out  Thresholds  for  0.55  mil 
Metallization  (A  Geometry) 

2-98 

ix 


LIST  OP  FIGURES 


(Continued) 


Title 


2-46 


2-47 

2-^ 


2-49 


2-50 


2-51 

2-52 

2-53 


2-54 


2-55 

2-56 


2-57 


Current  vs  Pulse  Width  3urn-Out  Thresholds  fox  0.55  mil 
Metallization  (1  Cea— try)  2-98 

Equivalent  Semiconductor  Circuits  at  High  Dose  Hates  2-101 

Theoretical  Failure  Curves  for  Silicon  Junctions  for 

Reverse  Polarity  Voltages  2-109 

Experimental  Data  Points  for  Failure  of  the  Anode-Cathode 

Junction  of  a  HC-357  Diode  for  Reverse  Polarity  Voltage 

Pulses  2-109 

Experimental  Data  Points  for  Failure  of  the  Anode-Cathode 

Junction  of  1N459  Diode  for  Reverse  Polarity  Voltage 

Pulses  2-110 

Experimental  Data  Points  for  Failure  of  the  Anode-Cathode 

Junction  of  a  1H462A  Diode  for  Reverse  Polarity  Voltage 

Pulses  2-110 

Experimental  Data  Points  for  Failure  of  the  Anode-Cathode 

Junction  of  a  1H1095  Diode  for  Reverse  Polarity  Voltage 

Pulses  2-111 

Experimental  Data  Points  for  Failure  of  the  Base-Emitter 

Junction  of  a  2H2222  Transistor  for  Format  *1  s  id  Reverse 

Polarity  Voltage  Pulses  2-111 

Experimental  Data  Points  for  Failure  of  the  Base  Emitter  and 

Collector-Emitter  Junctions  of  a  2H1132  Transistor  for 

Porvard  and  Reverse  Polarity  Voltage  Pulses  2-112 

Experimental  Data  Points  for  Failure  of  the  Base-Emitter 
Junction  or  a  2H699  Transistor  for  Reverse  Polarity  Voltage 
Pulses  2-112 

Experimental  Data  Points  for  Failure  of  the  Base-Emitter 
Junction  of  a  2N498  Transistor  for  Reverse  Polarity  Voltage 
Pulses  2-114 

A  Composite  of  Experimental  Data  Points  for  the  Failure  of 
the  Anode-Cathode  Junction  for  Six  Diodes .  Intercomparison 
is  Made  By  Plotting  Power  Per  Unit  Area  vs  Pulse  Duration. 

Also  shown  are  the  theoretical  failure  curves  2-114 


x 


LIST  OP  riTOTES 


(Crnlisoed) 


Siabtr  Title  Page 


2-33  A  Composite  of  Experiment:::!  Data  Points  for  the  Failure 

of  the  Base-Emitter  Junction  for  Eight  Transistors.  Inter- 
coaparisoo  is  Made  by  Plotting  Power  Per  Unit  Area  vs 
Pulse  duration.  Also  shewn  are  the  theoretical  failure 
curves.  2-115 

2-59  Transistor  Power  Sating  vs  Collectcr-Base  Junction  Area  2-116 

2-60  Diode  Forward  Current  Sating  vs  Junction  Area  2-118 

2-61  A  Composite  of  Experimental  Data  Points  for  vhi.cn  So  Failure 

was  Achieved  far  the  Anode-Cathode  Junction  for  Ten  Large 
Area  Diodes.  Interccaparison  is  made  by  Plotting  Power  Per 
Unit  Area  vs  Pulse  Duration.  Also  shown  are  the  theoretical 
failure  curves.  2* 119 

2-62  Plots  of  the  Semi-Zmpirical  Failure  Equations  Obtained  iron 

Theory  and  the  Experimental  Data  Points  2-119 

2-63  A  Comparison  of  Experimental  Data  Points  for  a  2M2222 

Transistor  and  Points  from  a  Paper  by  Davis  and  Gentry. 

Also  shown  are  the  theoretical  failure  curves  from  this 

paper  and  the  curve  by  Davis  and  Gentry.  2-120 

2-64  Thermal  Equivalent  Circuit 

2-65  Simplified  Equivalent  Circuit  2-122 

2-66  Peak  Power  Dissipation  for  Silicon  Transistors  2-126 

2-67  Circuit  Used  for  Measuring  Secondary  Photocurrent  (i  2-128 

ppq 

2-68  Power  Dissipation  vs  Pulse  Width  for  Radiation  Induced 

Burn-Out  for  Various  Transistors  2-129 

2-69  Comparison  of  Wursch  and  Bell's  and  Hughes  Radiation 

Induced  Burn-Out  Data  2-133 

2-70  Pulse  Pcwer  vs  Pulse  Width  for  Electrical  Burn-Out  of  IC 

Kit  Parts  2-134 

2-71  Comparison  of  Wursch  and  Bell's  and  Hughes  Electrical 

Burn-Out  Data  for  IC  Kit  Parts  2-135 

2-72  SCR  Radiation-Induced  Switching  Threshold  2-140 

2-73  SCR  Circuit  Configuration  2-140 


LIST  OF  FIGURES 


(Continued) 


Mnabcr  Title  hie 

2-74  t'  Measurement  Circuit  »nd  Waveforms  2-142 

8 

2-75  Pbotocurrent-Switching  Time  Correlation  2-143 

2-76  Neutron  Dose  Effects  on  Various  SO.  Parameters  2-144 

2-77  SO  Current  Limiting  Circuitry  2-146 


3-1  Relative  Radiation  Stability  of  Elastoaers  3-5 

3-2  Relative  Radiation  Resistance  of  Themoplastic  Resins  3-7 

3-3  Relative  Radiation  Stability  of  Thermosetting  Resins  3-8 

3- 4  Approx iaate  Tolerance  of  Lubricants  to  Gaaaa  Radiation  3-14 

4- 1  Teleaetry  Encoder  Circuitry  4-3 

4-2  Motor  Control  Circuitry  4-3 

4-3  dc-dc  Converter  Circuitry  4-5 

4-4  Diode-Capacitor  Circuitry  4-5 

4-5  Prolong emert  of  Circuit  Recovery  Tiae  4-10 

4-6  Circuit  for  Compensation  of  Primary  Photocurrent  4-17 

4-7  Circuit  for  Compensation  of  Secondary  Photocurrent  4-17 

4-8  Circuit  for  Compensation  of  Photocurrents  and  Noise  4-19 

4-9  Circuit  for  Shunting  Primary  Photocurrent  Around  the 

Collector  Impedance  4-19 

4-10  Circuit  for  Shunting  Primary  Photocurrent  Around  the  Base- 

Emitter  Iapedance  4-21 

4-11  Circuit  for  Shunting  Primary  Photocurrent  Around  the 

Emitter  Load  4-21 

4-12  Saaple/Hold  Circuitry  4-23 


xii 


LIST  OF  FIGURES 


(Continued) 


Nuaber 

4-13 

4-14 

4-15 

4-16 


■f 


Title  Page 

Equivalent  Circuit  of  a  Capacitor  During  Irradiation  4-27 
Capacitor  Radiation  Response  vs  Capacitor  Value  4-27 
Transient  Response  vs  Capacitor  Initial  Conditions  4-29 
ac  Coupled  Aapilfier  for  Testing  Transient.  Recovery  4-29 


xiii 


LIST  OP  TABLES 


Number  Title  Page 

2-1  Typical  1  at  108  rad (Si) /s  2-10 

2-2  Measured  Transistor  Equilibrium  Photocurrent  2-32 

2-3  Measured  Transistor  Photocurrent  and  Radiation  Storage  Time  2-36 

2-4  Radiation  Test  of  Unpassivcted  Devices  2-44 

2-5  2N2222  NPN  Silicon  Planar  Transistor  2-51 

2-6  2N2801  PNP  Epitaxial  Planar  Transistor  2-52 

2-7  Measured  Diode  Equilibrium  Photocurrent  at  Three  Reverse- 

Bias  Voltages  2-59 

2-8  Critical  Radiation  Thresholds  for  Damage  Failure  in  DTL 

Gates  for  Fan-Out  of  10  2-65 

2-9  Critical  Radiation  Thresholds  for  Damage  Failure  in  RTL, 

RCTL  Gates  for  Fan-Out  of  15  2-66 

2-10  Summary  of  Microcircuit  Failure  Levels  2-67 

2-11  Normalized  Degradation  of  Loading  Capability  for  DTL  Circuits 

After  2.7  x  101*  n/cm2  (E  >  10  keV)  2-69 

2-12  Critical  Radiation  Thresholds  for  Transient  Radiation 

Effects  for  RTL,  RCTL  OFF  Gates.  Averages  of  Four  Circuits 
of  Each  Type  2-83 

2-13  Failure.  Threshold  Levels  for  RTL  and  RCTL  Flip-Flops  2-84 


xiv 


LIST  OF  TABLES 


(Continued) 


Title  Page 

2-14  Critical  Radiation  Thresholds  for  Transient  Radiation 
Effects  for  DTL  Gates.  Averages  for  Four  Circuits  of 
Each  Type  2-85 

2-15  Failure  Threshold  Levels  for  DTL  Flip-Flops  2-86 

2-16  Interconnect  Burn-Out  Current  2-96 

2-17  Integrated  Circuit  Radiation  Induced  Currents  2-99 

2-18  Typical  Diode  Semiconductor  Resistances  under  Irradiation  2-105 

2-19  Wire  Resistance  2-106 

2-20  Transistor  Thermal  Characteristics  2-125 

2- 21  Device  Failure  Modes  Due  to  Dose  Rate  Effects  2-130 

3- 1  Coaparlsou  of  Air  ard  Vacuum  Effects  on  FBP  Teflon  3-10 

4- 1  Transistor  Burn-Out  Current  and  Time  4-4 


xv 


1.0 


INTRODUCTION 


One  cf  the  objectives  of  this  program  is  to  provide  data  and 
guide  lines  (a  handbook)  which  will  enable  circuit  designers  to  assess 
and  design  for  the  effects  of  radiation  on  space  power  subsystems.  It 
is  assumed  that  the  designers  are  not  particularly  knowledgeable  in 
radiation  effects  technology.  Therefore,  the  proposed  handbook  will 
contain,  in  addition  to  design  data,  a  sufficient  amount  of  background 
and  tutorial  material  to  Insure  that  the  circuit  designers  are  made 
aware  of  the  problems  associated  with  designing  circuits  to  operate  in 
a  nuclear  radiation  environment. 

The  survivability  of  a  space  power  subsystem  exposed  to  a 
nuclear  detonation  depends  on  the  interaction  of  the  nuclear  radiations 
with  the  components,  circuitry,  and  subsystems.  The  significant 
components  of  the  nuclear  radiations  and  their  effects  are  illustrated 
in  Figure  1-1.  Usually,  the  radiation  effects  of  concern  caused  by 
these  components  are: 

.  Transients  due  to  ionizing  radiation. 

.  Permanent  degradation  due  to  neutron  and  ionizing 
radiation  fluence. 

.  Catastrophic  failure  caused  by  rate  of  energy 
deposition. 

The  ionizing  radiation  is  an  intense  radiation  pulse  of  hKh 
dose  rate  and  short  time  duration.  This  radiation  interacts  with 
ratter  through  the  Compton,  photoelectric,  and  pair  production  processes. 
The  interaction  with  the  components  and  materials  that  constitute  an 
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electronic  system  result  in  charge  redistribution  throughout  the 
system.  Currents  vill  flow  during  this  pulse  and,  in  many  cases, 
continue  to  flow  after  the  pulse  terminates.  Degradation  due  to  the 
radiation  fiuence  (integrated  dose)  to  materials  and  components  is  due 
to  displacement  of  atoms  within  the  material.  The  neutron  component 
is  the  predominant  producer  of  displacements  and  affects  semiconductor 
materials  in  particular.  The  ionizing  radiation  can  also  cause 
damage  through  high  energy  deposition  resulting  in  catastrophic  failure. 

Typical  radiation-induced  system  effects  are  shown  in 
Figure  1-2  and  are  classified  below: 

.  Transient  rate  effect:  In  this  case  the  electronic 

response  exhibits  a  time  history  which  is  characteristic 
of  the  radiation  pulse. 

.  Transient  relaxation  effects:  This  effect  exhibits  a 
maximum  change  immediately  after  the  radiation  pulse. 

The  relaxation  effect  then  recovers  from  the  disturbed 
state  with  inherent  system  time  constants.  Circuit 
and  system  recovery  in  this  case  may  take  milliseconds 
even  though  the  initial  disturbance  was  created  by  a 
radiation  pulse  of  less  than  a  microsecond. 

.  Direct  and  indirect  permanent  effects:  P'--ct  permanent 
effects  are  due  to  material  and  componenc  damage  within 
the  system  and  are  not  correctable  or  repairable  in 
times  of  interest  to  the  system  mission.  Indirect 
permanent  effects  include  component  burnout  due  to 
high  current  transients  (catastrophic  failure).  Other 
indirect  effects,  such  as  those  which  might  be  observed 
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FIGURE  1-1  Significant  Nuclear  Weapon 
Radiation  Components 
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FIGURE  1-2  Types  of  Radiation  Effects 
on  Electronics 


in  digital  systems  are  those  which  cause  an  electronic 
change  which  cannot  be  corrected  (because  of  inaccessi¬ 
bility)  during  times  of  interest  for  the  system.  For 
instance,  the  change  of  state  of  a  memory  element  or 
digital  control  system  is  an  indirect  permanent  effect. 

This  type  of  effect  could  be  reversed  or  erased  if  the 
system  were  accessible  through  manual  or  remote  control. 

The  particular  type  of  effect  generated  by  the  nuclear 
environment  will  depend  upon  the  specific  operational  mcde  of  the 
system  at  the  time  of  exposure.  The  significant  transient  inter¬ 
actions  occur  in  circuitry  which  is  powered  and  operating  at  the 
time  of  exposure.  However,  even  without  currents  are  generated 

(in  any  material)  due  to  secondary  electron  emission  and  absorption. 

The  direction  of  these  currents  is  uncertain  because  they  depend  on 
the  equilibrium  established  between  electrons  absorbed  from  the 
incident  radiation  and  electrons  emitted  from  the  exposed  material. 
Equilibrium  condition  is  a  function  of  the  incident  spectrum  and  the 
geometry  of  the  situation.  Typically,  for  a  fission  gamma  ray  spectrum, 
the  emitted  charge  (q)  can  be  calculated  from  the  following  equation: 


Q  - 

y  A  5  x  10  ^  (coulombs) 

where 

Y  - 

dose  rate  rad(Si)/s 

A  - 

exposed  area  in  cm^ 

This  emitted  charge  can  be  replaced  to  a  greater  or  lesser 
degree  by  absorbing  charge  emitted  from  surrounding  material.  Circuit 
equilibrium  will  be  established  a  current  flow.  II  the  electronics 
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are  powered,  these  replacement  currents  can  cause  significant  effects; 
however,  these  effects  may  net  be  prime  survivability  factors  in  a 
nuclear  weapon  environment;  i.e.,  active  semiconductor  devices  produce 
photocurrents  which  are  usually  of  much  larger  magnitude  than  the 
replacement  currents,  even  though  the  latter  are  important  for  Inter¬ 
preting  analytical  or  experimental  results. 
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2.0 


DESCRIPTION  OF  COMPONENT  EFFECTS 


Figure  2-1  shows  the  relative  threat  to  normal  circuit  opera¬ 
tion  of  a  wide  variety  of  electronic  components  operated  in  an  ionizing 
radiation  environment.  Both  active  and  passive  components  exhibit 
transien.  responses  as  a  function  of  high  dose  rate  radiation  pulses 
due  to  internal  and  external  ionization  leakage  and  scattering  as  a 
result  of  Compton  and  photoelectric  effects. 

Figure  2-2  shows  the  threat  to  circuit  operation  of  similar 
electronic  components  exposed  to  fast  neutrons.  Lattice  displacements, 
due  to  accumulated  neutron  dose,  cause  permanent  parameter  degradation. 

Both  Figures  2-1  and  2-2  show  passive  components  to  be  less 
sensitive  to  the  radiation  environment.  Within  a  given  type  of 
component,  a  choice  should  be  made  to  select  the  technology  or 
construction  technique  least  affected  by  the  environment,  lor 
instance  from  Figure  2-1,  solid  core  carbon  composition  resistors  are 
superior  to  carbon  film  air  core  resistors.  Active  components  are  by 
far  the  most  sensitive  to  transient  and  total  dose  radiation  effects. 
Semiconductors  are  the  most  sensitive  of  the  active  components,  but 
utility,  space,  and  power  requirements  dictate  that  semiconductors 
be  used  in  most  system  designs.  Radiation  effects  in  semiconductors 
must  be  minimized  by  careful  component  selection  and  circuit  designs 
that  consider  the  magnitude  of  component  responses  and  effects. 

One  of  the  most  important  component  electrical  parameters 
effected  by  radiation  is  the  transistor  current  gain  parameter  £. 

Figure  2-3  illustrates  the  effects  of  neutron  damage  to  a  representa¬ 
tive  unhardened  system.  The  system  damage  commences  at  a  neutron 

112 

fluence  less  than  10  n/cm  .  Approximately  18%  of  the  transistors 
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FIGOV  2-1  lalativ*  Suzeaptability  of  Components  to  Circuit  Failure 
In  Ionizing  Environment  (10 8  rad  (Si) /a) 
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FIGURE  2-3  System  Transistor  Failure  as  a  Funccton  of  Neutron  Dose 


fail  (501  lota  of  s)  at  10^  n/ea*  (these  types  of  device*  are  power 
translators  with  a  gain  bandwidth  product  (f^)  of  less  than  appraxi- 

Jk 

wetely  10  Nnz.)  Devices  of  this  frequency  and  power  range  are 
generally  used  in  power  subsystems . 

2* 1  testators 

testators  exhibit  transient  responses  doe  to  external  ioniza¬ 
tion  leakage  in  the  material  surrounding  (or  inside)  the  resistor,  and 
the  charge  scattering  into  or  from  the  resistor  material  results  in 
net  replacement  currents.  These  effects  are  illustrated  by  the  model 
in  Figure  2-4.  The  replacement  current  is  represented  by  the  current 
generator  (I)  injected  Into  the  center  of  the  resistor  and  the 
ionization  is  represented  by  a  radiation  induced  shunt  leakage 

resistance  (R  ).  Representative  expressions  for  calculating  worst 

*  (1) 
case  1  and  R^  for  two  types  of  resistors  are  shown.  These  resistor 

types  represent  tk.?  worst  (metal  film)  and  best  types  for  use  in  a 

radiation  envirenak'nt. 

Resistor  effects  and  some  general  guidelines  are  summarized 

below: 


.  Resistor  effects  persist  only  during  the  radiation  pulse. 

.  Resistor  effects  will  generally  be  negligible  in  any 
circuitry  under  consf d jration  since  semiconductor 
effects  will  normally  predominate. 

.  No  permanent  damage  to  resistors  will  be  sustained  due 
to  ionizing  radiation  or  neutron  fluence  in  most 
environments . 


2-4 


A,  «*}*'* 


* 


ncOHB  2-4  Equivalent  Model  of  a  lea la tor  Under  Irradiation 


FIGURE  2-5  Equivalent  Model  of  a  Capacitor  Under  Irradiation 


2-5 


•  Potting  aateriil  will  reduce  the  leakage  effects.  The 
values  of  R#  and  the  expressions  for  calculating 
listed  in  Figure  2-4  are  for  the  worst  case  condition  (air 
environment) .  *• 

.  Use  solid  core  carbon  composition  resistors  wherever 
possible. 

.  Use  the  lowest  values  of  resistance  possible  consistent 
with  power  considerations. 

.  When  metal  film  or  wire  wound  resistors  are  necessary, 
use  solid  rather  than  air  core  spool  types. 

.  The  current  (I)  may  flow  into  or  out  of  the  resistor. 

2.2  Capacitors 

Capacitors  exhibit  ionization  leakage  and  replacement  current 
effects  due  to  ionizing  radiation  similar  to  the  effects  in  resistors. 
h  capacitor  model  and  representative  worst  case  parameters  are  shown 
in  Figure  2-5^ The  replacement  current  is  represented  by  the  current 
generator  (I)  on  each  side  of  the  capacitor  and  the  ionization  is 
represented  by  the  radiation  induced  leakage  resistance  (R  ). 

Capacitor  effects  and  general  guidelines  for  capacitor  selec¬ 
tion  and  application  are  summarized  below: 

.  The  major  ionization  leakage  and  replacement  current  effects 
persist  only  during  the  radiation  pulse.  Some  long  term 
leakage  effects  persist  for  time  periods  after  the  irradia¬ 
tion  and  may  be  significant  in  some  cases. 
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.  Potting  material  will  reduce  capacitor  effects  by 
decreasing  injected  currents. 

.  Mica,  ceramic,  glass,  tantalum  oxide,  mylar,  aluminum 
oxide,  and  vitamin  Q  capacitors  are  best  choices. 
Ceramic  is  the  best  choice  for  small  capacitors  and 
tantalum  oxide  is  the  best  choice  for  large  capacitors. 

.  Keep  capacitor  values  cs  low  as  possible  and  capacitor 
voltages  as  low  as  possible  consistent  with  design 
goals. 

.  The  voltage  change  on  a  capacitor  due  only  to  internal 
leakage  will  be  relatively  small.  Voltage  change  can 
be  calculated  from  the  following  expression: 


V  «  V  exp(-  x/x  ) 
o  r  c 


(2-1) 


where 


V  •  voltage  remaining  after  the  radiation  pulse 
Vq  ■  initial  voltage 
x  ■  absorbed  dose  in  rad(Sl) 

x£  ■  10^  for  mylar  and  10^  for  ceramic  and  mica  capacitors 


9 

For  example,  at  a  dose  rate  of  5  x  10  rad(Si)/s  and  a  pulse  width  of 

-.00015 

30  ns  the  voltage  change  is  negligible  since  V  ■  Vq  e  <%»  Vq. 

Even  at  a  dose  rate  of  5  x  10^  rad(Si)/s  the  change  in  voltage  for 
ceramic  capacitors  is  only  21. 
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2.3 


2:3.1 


Calculating  Transient  Effects 


(1.2, 3,4) 


During  exposure  to  a  high  dose  rate  radiation  pulse,  the 
predominate  effect  in  semiconductors  is  due  to  internal  ionization 
effects.  This  internal  ionization  results  in  the  creation  of  hole* 
electron  pairs  and  effectively  produces  an  internal  current  generator 
whose  magnitude  is  dependent  on  the  Incident  radiation  level.  The 
radiation-induced  current  is  referred  to  as  primary  photocurrent 
(ipp)  and  is  observed  as  the  change  in  the  leakage  current  (Algg^) 
which  flows  across  a  reverse  biased  col lector -base  or  diode  Junction. 
For  bipolar  transistors,  a  secondary  photocurrent  also  occurs.  This 


is  the  collector-emitter  current  that  flows  as  a  result  of 
multiplied  by  the  transistor  current  gain. 


i 

PP 


being 


An  additional  effect  in  bipolar  transistors,  defined  as 
radiation  storage  time  (t  ),  occurs  when  the  transistor  is  driven 

SK 

hard  into  saturation.  Saturation  will  continue  in  this  case  after 
the  radiation  pulse  terminates.  The  prolonged  saturation  tine  is  t  . 


These  concepts  are  illustrated  in  Figure  2-6.  A  simplified 
equivalent  circuit  for  an  NPN  transistor  in  radiation-induced  satura¬ 
tion  is  illustrated  in  Figure  2-7.  The  primary  photocurrent  (i  ) 

PP 

splits  into  ^  and  AJ.g  at  the  point  of  injection.  The  current 

division  will  depend  on  the  impedances  in  the  two  paths.  The 

collector  current  will  be  limited  at  saturation  by  external  circuitry, 

and  any  overdrive  available  in  i  will  extend  the  saturation  time  by 

PP  3 

tflR.  Note  that  1^  may  serve  as  a  forcing  function  to  excite  external 

reactive  circuitry  and  prolong  the  disturbance  for  times  longer  than 

those  due  to  radiation  pulsewidth  and  tgR.  In  circuits  containing 
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FIGURE  2-6  Bipolar  Transistor  in  Radiation 
Induced  Saturation 


FIGURE  2-7  Simplified  Equivalent  Circuit  of  an  NPN 
Transistor  Under  Irradiation 
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high  impedances  in  the  base  circuit,  most  of  ino  will  flow  into  the 
transistor.  Mote  that  the  transistor  saturation  is  usually  Independent 
of  base  circuitry.  An  effective  way  of  reducing  the  saturation  effect 
is  to  use  a  radiation  controlled  current  sink  on  the  transistor  base 
which  effectively  makes  i  •  ^  >  Ai^. 

From  a  design  standpoint,  photocurrent  generation  is  signifi- 
3  12 

cant  between  10  and  10  rad(Si)/s.  At  high  radiation  dose  rates 
12 

(10  rad(Sl)/s),  photocurrents  generated  will  cause  saturation  of 

g 

nearly  all  circuits.  At  10  rad(Sl)/s  photocurrents  in  low-level, 
high-speed  devices  will  be  10  microamperes  or  more  as  illustrated  in 
Table  2-1. 


Techniques  are  available  for  predicting  t  ^  and  i  ^ ^ 

SR  pp 

for  low  power  transistors.  1  is  a  linear  function  of  dose  rate  and 

PP 

t  is  an  exponential  function  of  dose  rate.  The  radiation  parameters 

1  and  t  are  predicted  using  device  electrical  parameter  (stored 

pp  8K 
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charge  or  storage  time,  avalanche  voltage,  and  capacitance  vs  voltage 
parameters)  values. 

For  example,  transistor  equilibrium  photocurrent  (~pp~)  1# 

related  to  transistor  high-current  storage  time  (t  )  by  the  following 

* 

equation  (P^  <  0.8  W)VJ': 


1ppC  *  ^CBO  * 


JL_L 


0.83  x  10 


8 


(tg  +  .03) 


(2-2) 


where:  1*  the  radiation-induced  change  in  collector -base 

CBu 

leakage  current  in  mA 
y  is  the  radiation  dos'j  rate  in  rad(Si)/s 
tg  is  in  us  and  measured  with  1^  ■  100  mA,  5  us  pulse; 

1CS  "  80  ^ 

K  «  1.0  mA/rad  for  Si  hPN  planar  and  mesa  transistors, 

2.0  mA/rad  for  Si  PNP  planar  and  mesa  transistors,  and 
4.0  mA/rad  for  Ge  PNP  meas  transistors  (PT  <  0.8W) 

Statistical  confidence  levels  have  been  established  for  the 
Si  NPN  prediction  constant,  K.  For  PNP  devices,  the  constants  have 
been  developed  from  theory  and  limited  experimental  data.  For  Si  NPN 
transistors,  Equation  2-2  will  predict  equilibrium  photocurrents  within 
*30  to  *  60  percent  of  the  true  value.  This  accuracy  can  be  compared 
with  the  *  10  to  *  25  percent  accuracy  for  an  actual  photocurrent 
measurement,  referenced  to  a  given  radiation  rate.  For  a  given  rate, 
actual  photocurrents  produced  by  a  given  type  transistor  may  range 
over  more  than  a  4  to  1  spread. 
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Transistor  and  diode  equilibrium  and  nonaqul llbriua  photo-* 
currents  can  also  be  predicted  from  device  electrical  parameters  using 

(4) 

the  following  techniques 

Measure  capacitance  versus  voltage  characteristics.  Plot 
capacitance  versus  junction*  voltage  data  using  log-log  scale 
(junction  voltage  »  reverse  bias  voltage  at  terminals  plus  junction 
energy  gap  voltage  of  0.72  volt).  Determine  logarithmic  slope  (b) 
as  follows: 


b 


lo810  C100  "  108 10  C1 
2 


(2-3) 


Measure  dc  avalanche  voltage  (V^)  at  100  uA  reverse  leakage 
current.  Calculate  junction  voltage  at  avalanche  (Vg) 


VB  -  Va  +  0.72 


(2-4) 


Using  Figure  2-8  enter  at  the  VB  value  and  slope  (b)  from 

0 

step  1.  Read  depletion  width  at  V  ■  1.0  volt  (v.). 

D  1 

Calculate  junction  area,  A, 


A 


C1  W1 
K  K 


(2-5) 


♦The  term  junction  refers  either  to  the  diode  junction  or  to  the 
transistor  collector-base  junction. 
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JUNCTION  VOLTS  Vg  AT  AVALANCHE 


FIGURE  2-8  Depletion  Width  as  a  Function  of  V  at  Avalanche  and  b 

O 
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where  K  (SI)  -  1.044  pF/ca 


Determine  minority  carrier  lifetime.  Measure  Junction  stored 
charge  (Q)  for  a  forward  current  of  0.1  mA  (use  method  4061  of 
HIL-STD-750)  as  noted  by  Reference  4.  Read  lifetime  (t^  j)  using 
charts  of  Figures  2-9  and  2*10. 

For  diodes,  if  Tq  j  <  20  microseconds,  measure  Junction 
storage  time,  t^  using  the  test  setup  in  figure  2-11.  The  storage 
time  measurement  technique  differs  from  the  usual  diode  reverse  recovery 


measurement  arrangement  in  that  the  diode  is  quiescently  in  the  reverse 
biased  condition  and  is  turned  on  by  the  input  pulse.  This  method 
allows  use  of  higher  forward  currents  without  damage  to  diodes  since 
the  average  current  is  much  smaller  than  in  the  usual  arra  cement. 

Using  the  measured  t  calculate  lifetime  (t  )  from  the  relation 

£  8 


r  -  - -5 - — - 

'  ■'"(*)! 


(2-6) 


Por  transistors,  if  t^<  160  ns,  measure  col  lector -base  storage  time 
(t#<J),  and  calculate  using  Equation  2-6.  This  combined  T#(or  t>(J) 
and  Tq  ^  method  maximizes  the  accuracy  of  prediction  and  the  simplicity 


of  measurement. 


Calculate  diffusion  length,  L 


>/dt 


(2-7) 
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FIGURE  2-9  AW  As  A  Function  of  Vg  At  Avalanche  and  b 
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FIGURE  2-11  Diode  Storage  Time  Measurement  Circuit 


i 
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2 

where  D  le  the  diffusion  constant  (D  -  12  9  ca  / s  for  Intrinsic 
silicon).  Use  ^  or  t#.  For  highly  doped  devices,  the  diffusion 
constant  oust  be  corrected  for  the  effect  of  the  iapurity  concentre' 
tion,  i.e.,  determine  the  effective  fc.  The  correction  will  probably 
be  negligible  for  diodes  with  >  500  volts.  Reference  4  gives  sn 
iterative  procedure  to  determine  the  effective  0,  and  hence  the 
effective  L. 

Calculate  depletion  width  (w)  at  the  voltage  of  interest 


W  m  w 


1 


(2-8) 


where  Vg  -  reverse  bias  terminal,  voltage  plus  0.72  volt 
Calculate  i 

PP 


i 

PP 


qaA 


Tw  +  L  erf-^/^~«(t)  -  w  +  L  erf  t  ~  ^"{uCt  - 

f  \  T 


V 


(2-9) 


where  qg  -  6.36  x  10  ®  Y 

For  silicon  material,  t  *  radiation  pulsevldth,  and  Y  -  absorbed  dose 

p 

rate  in  rad(Si)/s,  when 


t  »  T, 


i 

PP 


equilibrium  photocurrent  -  AICBQ  (for  transistors) 
qgA(w  +  L). 
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T  Is  the  corrected  base  transit  time  in  seconds  measured  with  the 

8  (5) 

transit  time  bridge  described  by  Ashar;  f_r  is  the  measured  gain 

bandwidth  product  of  the  transistor  in  Hertz.  Y  la  the  dose  rate  in 

2 

rad(Si)/s  and  A  is  the  junction  area  in  cm  . 

Radiation-induced  photocurrent  in  translators  tends  to  turn 
the  translator  OH.  At  a  critical  dose  rate  level,  the  transistors  used 
in  most  circuit  applications  will  saturate  due  to  secondary  photocurrent. 
The  extension  of  saturation  time  (beyond  the  radiation  pulaewidth)  has 

been  defined  as  radiation  storage  time  (t  )  and  can  be  predicted  using 

(2)  8R 
the  following  techniques  . 

The  transistor  model  in  Figure  2*12  describes  transistor 
operation  in  the  saturation  condition.  The  effect  of  radiation  is  to 
charge  the  storage  element  (S).  This  charge  at  the  end  of  the  radiation 
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pulsewldth  (tp)  Is  t 


where 


AI 


CBO 

ICS 


B2 


collector  minority  carrier  lifetime 
equilibrium  photocurrent 
collector  saturation  current 
base  current  at  end  of  radiation  pulse. 


(2-12) 


Storage  tine  will  persiat  until  discharges  to  zero. 
Storage  tine  is  calculated  fron  the  following  expression: 


t 


SR 


Tin 


On  ,  XCS  *  1B2  _ 

^  ♦  1  ' 

1CS  *  *B2  t 
Si*1  '  lB2 


(2-13) 


A  nonograph  developed  to  solve  Equations  2-12  and  2-13  is 
shown  in  Figure  2-13.  Also  included  in  this  figure  is  a  chart  relating 
open-base  storage  time  (tg^*)  to  the  transistor  electrical  storage 
time,  t  (at  In  ■  100  mA,  5  us  pulse,  and  I.  -  80  aA. 

8  D  L 

The  procedure  for  deteiminlng  t#^  !•:  1)  measure  electrical 

storage  time  t# ;  2)  measure  pulsed  h^^  at  Ic  -  20  mA;  3)  calculate 
I  and  for  the  particular  circuit  of  interest;  4)  enter  nomograph 
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Radiation  Storage  Time  Nomograph 


and  calculate  t#R  at  tha  dote  rata  and  pulsavldth  of  interest;  and 
S)  if  Igg  and  1^2  are  not  constant,  circuit  equations  must  be  integrated 
and  solved  for  tine  to  discharge  <^. 

2.3.2  Calculating  Persanent  Effects 

Bipolar  transistors  are  particularly  susceptible  to  neutron* 

induced  permanent  damage.  The  daaage  threshold  for  aost  low-frequency 

11  12  2 

high-power  transistors  will  occur  between  1  x  10  and  1  x  10  n/cm  . 
Transistor  parameters  will  be  affected  in  the  following  manner: 

.  fT  -  will  not  chaage  significantly  for  most  transistors 

•  V__  -  will  Increase 

BE 

.  -  will  increase 

.  Ico  -  will  increase 

*  bpB  "  will  decrease 

The  most  significant  change  is  the  decrease  in  h^  produced  by 

the  decrease  in  base  minority-carrier  lifetime.  Recombination  in  the 

base  region  Increases  resulting  in  a  decrease  of  the  number  of  carriers 

injected  from  the  emitter  that  reach  the  collector.  After  exposure  to 
12  2 

1  x  10  n/cm  some  power  transistors  may  have  less  than  10X  of  their 
initial  hpg  remaining.  High  frequency,  low-power  transistors 
experience  the  smallest  h^  degradation.  The  increases  in  V__,  V 
and  will  not  be  significant  at  1  x  101  n/cm  . 

Beta,  or  current  gain  capability,  is  b*  far  the  most 
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seriously  degraded  parameter  for  power  circuits.  This  is  illustrated 
in  Figure  2-14 ,  which  shows  measured  beta  degradation  curves  as  a 
function  of  accumulated  neutron  dose  for  the  2N1016,  2211613  and  2N2784 
transistors.  These  transistors  have  power  ratings  of  150  watts,  0.8 
watts  and  0.3  watts  respectively.  Note  the  characteristic  shape  as 
the  high  power  devices  suffer  beta  degradation  at  neutron 

doses  than  do  the  low  power  devices. 

An  approximate  expression  for  the  transistor  current-gain 
degradation  is  given  by:^’^ 


where  is  the  device  current  gain  after  irradiation, 

P,  is  the  device  current  gain  before  Irradiation, 

1  2 
is  the  neutron  fluence  in  n/cm  ;  energies  >  10  keV 

is  the  device  current  gain-bandwidth  product. 

Note  the  dependence  of  0  degradation  on  the  gain-bandwidth  product  (f^). 

2.3.3  Estimating  Transient  Effects 

Since  transient  radiation  responses  can  be  correlated  to 
certain  transistor  electrical  and/or  geometrical  parameters,  a  series 
of  graphs  have  been  developed^  which  make  it  possible  to  estimate 
radiation  responses.  These  graphs  are  derived  from  experimental  data. 
The  curves  have  an  accuracy  of  better  than  one  order  of  magnitude  and 
should  provide  valuable  information  to  the  design  engineer. 
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FIGURE  2-14  Beta  Degradation  vs  Neutron  Dose  £or  Typical  Transistors 


Figures  2-15,  2-16  and  2-17  provide  estimates  of  primary  photo- 

currents  i  as  a  function  of  f.  and  transiator  power  ratings  (*/»)•  the 
PP  o  * 

Pg  is  the  rating  at  25  C  case  temperature.  Figure  2-15  should  be  used 

for  silicon  transistors  rated  at  or  below  2.5  watts.  Also  reaaabar 

that  i  is  directly  proportional  to  dose  rate  (  to  —  10*^  rad (Si) /s) 

PP 

and  estlaates  of  i  aay  be  scaled  accordingly.  At  rates  higher  than 

10  PP 

10  rad(Si)/s  predictions  are  subject  to  increased  error.  Figure  2-16 

should  be  used  for  silicon  transistors  rated  at  3  watts  or  greater  and 

Figure  2-17  should  be  used  for  estlaates  of  1  for  gemanlua  transistors. 

PP 

Figures  2-18,  2-19,  and  2-20  provide  estimatea  of  radiation 

storage  tiae  (t  B)  for  silicon  and  germanium  transistors  at  a  dose 
**  9 

rate  of  approxlaately  6  x  10  rad(Si)/s.  Figure  2-18  should  be  used  for 
low  power  silicon  transistors  with  Pg  less  than  3  watts  and  Figure  2-19 
for  silicon  transistors  with  Pg  greater  than  3  watts  (24°C  case) .  Note 
the  dependence  of  radiation  storage  tiae  on  f^.  Figure  2-20  provides  an 
esiuate  of  tgR  for  germanium  transistors  as  a  function  of  Pg. 

Table  2-2  lists  the  measured  i  of  various  transistors  at 

PP 

three  bias  voltages.  Table  2-3  lists  the  measured  1  _  and  t  «  for  45 

pp  sa 

transistors  (average  of  six  samples).  Appendix  1.0  is  a  tabulation  of 
transistor  radiation  effects  data. 

2.3.4  Estimating  Permanent  Effects 

Neutron- induced  permanent  degradation  of  transistors  can  be 
estimated  using  Figure  2-21  which  shows  normalized  hyg  as  a  function 
of  neutron  dose  for  f^s  of  1,  10,  100,  IE  MHz.  This  graph  was  constructed 
by  solving  Equation  2-14  for  the  respective  fT's  at  various  neutron  doses 
and  will  provide  data  for  the  design  engineer  of  all  transistors  of  better 
than  +  50%  accuracy.  This,  by  knowing  fT  and  the  expected  neutron  dose 
the  decrease  in  hyg  can  be  predicted. 
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F1GU1US  2-16  Prlmry  Photocurrent  (ipp)  vs  P_ 
(Silicon  Transistors)  ** 
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FI  COKE  2-17  Priasry  Photocurrent  (1  )  P£ 

(Geraanita  Trans 1* tore) PP 
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FIGtJtt  2-18  Kadiatlou  Storage  Tlve  (tgg) 


v.  fj 
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FIC01E  2-19  Kadietlon  Stonge  Tiae  (t,K)  Pc 
(Silicon  Translator!) 
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IllMj 


FI  GUM  2-20  ladiation  Storage  Ti*e  (t^)  ▼»  pg 

(Geraanitas  Translator) 
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TAIL!  2-2 


Msasurad  Transistor  Iqaillbrion 


Fhotoearrsnt 


(37) 


(Hsasvrad  Equilibria*  1  at  3.0,  6.0  and  15.0  Volts) 
_ PP _ 

Transistor 

y  a  Equilibria  ipp  (M)  <?  V#B 

x  10° 

(volts)  » 

No  Typ# 

rad  (Si)/sec  3.0  6.0 

15.0 

1 

2N3242A 

0.545 

2.44 

2.47 

2.60 

2 

0.538 

2.48 

2.51 

2.55 

3 

0.550 

3.61 

3.70 

3.81 

4 

0.542 

3.09 

3.16 

3.36 

5 

0.480 

2.96 

2.99 

3.20 

6 

0.500 

2.80 

2.87 

3.07 

7 

0.485 

2.27 

2.31 

2.33 

8 

2N835 

19.9 

1.34 

1.41 

1.64 

9 

20.0 

1.84 

1.97 

2.20 

10 

20.0 

1.91 

2.04 

2.41 

11 

19.7 

1.43 

1.56 

1.77 

12 

19.2 

i.77 

1.84 

2.21 

13 

20.0 

1.77 

1.90 

2.07 

14 

21.0 

1.760 

1.83 

2.16 

15 

2M956 

0.500 

1.21 

1.23 

1.28 

16 

0.500 

1.23 

1.24 

1.2S 

17 

0.500 

1.11 

1.13 

1.21 

18 

0.500 

0.880 

0.920 

0.960 

19 

0.500 

1.07 

1.09 

1.13 

20 

0.508 

0.947 

0.967 

0.993 

21 

0.485 

0.833 

0.900 

0.967 

22 

2N2222 

0.555 

1.08 

1.13 

1.15 

23 

0.490 

0.967 

1.02 

1.10 

24 

0.550 

1.29 

1.31 

1.51 

25 

0.500 

1.25 

1.28 

1.47 

26 

0.538 

1 .13 

1.15 

-  1.27 

27 

0.588 

0.953 

1.01 

1.09 

28 

0.512 

0.947 

0.96C 

1.01 

29 

2N916 

0.500 

0.393 

0.396 

0.433 

30 

0.488 

0.375 

0.388 

0.408 

31 

0.500 

0.437 

0.450 

0.464 

32 

0.51? 

0.461 

0.501 

0.541 

33 

0.512 

0.459 

0.477 

0.517 

34 

0.473 

0.395 

0.408 

0.453 
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TABLE  2-2  (Continued) 


(Measured  equilibrium  i  et  3.0,  6.0  end  15.0  Volts) 

PP 


Transistor 


Mo.  Type 


V  Equilibria  1  (a*)  9  V»  (volts)  * 

z  10®  W 

rad  (Si)/snc  3.0  6.0  i5.0 


35  2M2938 

19.5 

3.79 

4.45 

4.99 

36 

19.5 

2.80 

2.93 

3.28 

37 

20.0 

3.87 

5.20 

6.27 

38 

20.8 

4.00 

4.13 

4.40 

39 

20.5 

4.35 

4.48 

4.93 

40 

20.5 

4.53 

4.93 

5.15 

41 

20.5 

4.57 

4.77 

5.15 

42  2M708 

19.9 

8.60 

9.13 

9.93 

43 

20.1 

8.80 

9.33 

10.1 

44 

20.2 

10.3 

10.7 

11.6 

45 

20.5 

11.3 

12.0 

13.0 

46 

21.0 

9.67 

10.3 

11.0 

47 

19.5 

15.3 

16.4 

16.9 

48  2M930 

0.500 

1.88 

1.91 

1.99 

49 

0.495 

1.88 

1.90 

1.95 

50 

0.500 

2.07 

2.08 

2.15 

51 

0.500 

2.24 

2.32 

2.35 

52 

0.500 

1.96 

2.00 

2.12 

53 

0.500 

1.50 

1.52 

1.57 

54 

0.468 

3.53 

3.64 

3.80 

55  2H1711 

0.545 

3.87 

4.00 

4.13 

56 

0.525 

3.57 

3.71 

3.84 

57 

0.525 

4.75 

4.83 

5.15 

58 

0.550 

3.89 

4.03 

4.21 

59 

0.550 

4.27 

4.45 

4.80 

60 

0.525 

5.47 

5.55 

5.63 

61 

0.462 

4.48 

4.56 

4.61 

62  2N3648 

19.9 

4.83 

5.09 

5.63 

63 

20.0 

5.15 

5.55 

5.81 

64 

20.9 

3.60 

4.11 

4.72 

65 

20.1 

4.96 

5.23 

5.49 

66 

20.0 

4.27 

4.72 

5.07 

67 

19.9 

4.59 

4.85 

5.25 

68 

19.5 

7.32 

7.73 

8.19 
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Table  2-2  (Continued) 


Ofeaeured  Equilibrium  i  »t  3.0,  6.0  end  15.0  Volta) 


Transistor 

x  10® 

Equilibrium  i^ 

<M)  @  VM 

(volts)  » 

No  Type 

rad  (Si) /sec 

3.0 

6.0 

15.0 

69  2N918 

20.3 

2.92 

3.99 

4.99 

70 

20.0 

1.69 

1.79 

1.95 

71 

20.0 

2.65 

3.45 

4.45 

72 

20.3 

1.76 

1.89 

1.96 

73 

20.8 

2.20 

2.37 

2.44 

74 

19.5 

3.52 

3.71 

3.92 

75  2N697 

0.512 

0.520 

0.555 

0.627 

76 

0.505 

0.413 

0.427 

0.480 

77 

0.500 

0.336 

0.355 

0.389 

78 

0.550 

0.371 

0.411 

0.424 

79 

0.525 

0.333 

0.381 

0.408 

80 

0.550 

0.405 

0.459 

0.520 

81 

0.500 

0.443 

0.456 

0.499 

82  2S1613 

0.500 

2.27 

2.33 

2.40 

83 

0.550 

2.15 

2.28 

2.35 

84 

0.545 

1.99 

2.03 

2.05 

85 

0.512 

2.03 

2.07 

2.09 

86 

0.550 

2.31 

2.35 

2.44 

87 

0.550 

1.85 

1.89 

1.95 

88 

0.508 

1.99 

2.02 

2.05 

89  2N3498 

0.525 

6.00 

6.27 

6.67 

90 

0.525 

4.24 

4.51 

4.64 

91 

9.525 

4.40 

4.59 

4.9j 

92 

0.500 

4.00 

4.48 

4.67 

93 

0.545 

3.87 

4.35 

4.40 

94 

0.500 

3.87 

4.13 

4.40 

95 

0.488 

3.31 

3.35 

3.37 

96  2N1893 

0.550 

3.45 

3.52 

3.72 

97 

0.512 

3.47 

3.60 

3.73 

98 

0.500 

3.95 

4.03 

4,08 

99 

0.510 

3.44 

3.71 

3.91 

100 

0.525 

2.90 

3.04 

3.07 

101 

0.500 

4.17 

4.37 

4.41 

102 

0.512 

3.53 

3.67 

3.77 
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Table  2-2 


(Continued) 


(Measured  Equilibria*  i  at  3.0,  6.0  and  15.0  Volts) 

PP 


Transistor 

• 

Y 

x  108 

Equilibrium 

C-k)  9  v„ 

(volts)  • 

No  Type 

rad  (Si) /sec 

3.0 

6.0 

15.0 

103  2N3511 

20.0 

5.57 

5.84 

6.16 

104 

19.7 

5.84 

5.97 

6.16 

1C5 

20.0 

4.77 

4.90 

5.25 

106 

19.7 

4.59 

4.77 

5.12 

107 

19.7 

4.27 

4.53 

4.93 

108 

18.9 

4.48 

4.67 

5.01 

109 

20.0 

4.85 

4.93 

5.17 

110  2K744 

20.5 

0.967 

1.07 

1.13 

111 

20.0 

1.13 

1.18 

1.29 

112 

20.2 

1.23 

1.30 

1.43 

113 

20.8 

1.17 

1.27 

1.40 

114 

20.0 

1.65 

1.72 

1.85 

115 

19.5 

1.50 

1.83 

2.10 

116 

20.3 

1.37 

1.45 

1.65 

117  2N706 

19.5 

5.20 

5.73 

6.27 

118 

19.6 

14.13 

15.3 

16.13 

119 

20.5 

10.67 

11.7 

12.00 

120 

20.5 

14.00 

15.0 

16.20 

121 

19.7 

11.20 

11.9 

12.73 

122 

20.8 

13.3 

1.20 

14.7 

123  2N2481 

20.0 

1.73 

1.93 

2.09 

124 

20.0 

1.45 

1.55 

1.65 

125 

20.0 

2.41 

2.95 

3.21 

126 

20.7 

1.41 

1.45 

1.51 

127 

19.5 

1.59 

1.62 

1.67 

128 

20.5 

1.23 

1.29 

1.37 

129 

20.3 

1.63 

1.70 

1.79 

130  2N718A 

0.500 

2.09 

2.19 

2.23 

131 

0.500 

1.71 

1.75 

1.77 

132 

0.500 

2.92 

2.96 

2.98 

133 

0.500 

2.43 

2.47 

2.49 

134 

0.500 

3.00 

3.04 

3.07 

135 

0.500 

2.43 

2.47 

2.49 

136 

0.485 

1.87 

1.91 

1.947 
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TABLE  2*3  Measured  Transistor  Photocurrent  And 
Radiation  Storage  Tine(3,4) 


Type 

Mfr 

Description 

fT 

(MB) 

t.t«e 

5xl09rad(Si) /• 
(X«  ) 

ipp*« 

108  rad (Si) /a 
(  -A  ) 

pc 

(  ■«  ) 

2X174 

BCA 

Ge 

PUP  Aj 

3 

*.01 

150 

5430 

150.000 

2X329A 

**y 

Si 

PXP  AJ 

*.5 

5.76 

43.2 

380 

2X329A 

Ray 

Si 

PXP  **MexaM 

2.0 

1.07 

1.07 

380 

2X338 

ETC 

Si 

MPX  GJ 

2.0 

3.97 

6.00 

125 

2X338 

a 

Si 

XPX  GJ 

*20 

7.09 

0.764 

125 

2X404 

ETC 

Cc 

PXP  AJ 

3.80 

18.9 

150 

2X404 

RCA 

Ge 

PXP  AJ 

*.13 

2.48 

13.5 

150 

25559 

UK 

Ge 

PXP  MS 

300 

1.18 

2.58 

-- 

2X697 

<2 

Si 

XPX  PL 

50 

5.15 

6.16 

2,000 

2X70QA 

Mot 

Ge 

PKP  MS 

500 

0.95 

3.14 

— 

2X705 

Syl 

Ge 

PXP  MS 

300 

0.25 

0.564 

150 

2X706 

EGA 

Si 

XPX  rs 

350 

0.024 

0.085 

1,000 

2X708 

Mot 

Si 

XPX  PE 

300 

0.024 

0.167 

1,200 

2X708 

IGA 

Si 

XPX  PE 

300 

0.017 

0.096 

1,200 

2X709 

Syl 

Si 

XPX  PE 

600 

■» 

0.045 

500 

2X718A 

TW 

Si 

XPX  PL 

60 

6.72 

10.9 

1,800 

2N72QA 

TW 

Si 

XPX  PL 

50 

5.75 

11.3 

1,800 

2X732 

Mot 

Si 

PXP  PE 

120 

1.31 

4.45 

1,500 

2M76QA 

Tns 

Si 

MPX  PL 

*.65 

6.38 

3.39 

500 

2X834 

Mot 

Si 

XPX  ME 

350 

0.037 

0.136 

500 

2X834 

XSC 

Si 

XFX  EP 

35: 

0.099 

0.340 

500 

2X852 

TI 

Si 

XPX  ME 

300 

0.0293 

0.125 

300 

2X914 

lay 

Si 

XPX  PE 

300 

0.0733 

0.173 

1,200 

2X916 

TW 

Si 

XPX  PS 

300 

0.042 

9.494 

1,200 

2X918 

Aal 

Si 

XPN  PL 

600 

- 

0.06& 

300 

2X918 

Mot 

Si 

XPX  PE 

600 

0.390 

0.289 

300 

2X930 

Aal 

Si 

XPX  FL 

30 

4.55 

1.92 

300 

2X930 

use 

Si 

XPX  PL 

30 

7.63 

3.87 

300 

2X964 

Syl 

Ge 

PXP  ME 

460 

0.123 

0.405 

300 

2K1132 

Syl 

Si 

PKP  PS 

60 

1.51 

2.98 

2,000 

2X1184B 

RCA 

Ge 

PXP  AJ 

3 

.12 

24.0 

413 

7,500 

2X195 

HE 

Ge 

PXP  MS 

550 

1.51 

5.73 

250 

2X1490 

Box 

Si 

XPX  MS 

3 

*.04 

21.5 

2160 

75,000 

2X1499A 

Spg 

Ge 

PXP  "MADT" 

100 

0.23 

0.786 

60 

2X1500 

Spg 

Ge 

PSP  "MADT" 

120 

0.13 

0.679 

60 

2X1613 

Aal 

Si 

XPX  PL 

60 

4.44 

7.54 

3,000 
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TABLE  2-3 


(Continued) 


Type 


Hfr  Description 


t 

sE 

*1  5xl09rad(Si)/s 
(MHZ)  (  M  ) 


1 

PP 

10®  r*i(Sl)/s  Pr 
(■A)  (rf) 


2K613 

GI 

Si  NPH  PL 

60 

3.38 

5.82 

3,000 

2N1893 

GE 

SI  MPH  PL 

SO 

9.02 

15.7 

3,000 

2N2222 

Mot 

SI  MPH  PE 

250 

2.59 

2.30 

1,800 

2N2222 

HSC 

Si  HPN  PE 

250 

2.76 

2.51 

1,800 

2N2222 

Spg 

SI  NPH  PE 

250 

2.43 

1.62 

1,800 

2N2369 

Tns 

SI  NPH  PE 

500 

- 

0.043 

1,200 

2N2481 

GI 

81  MPH  PE 

300 

0.065 

0.165 

1,200 

2H2784 

Syl 

SI  HPN  PE 

1000 

- 

0.035 

300 

2N2855 

SSF 

Si  HPN  PE 

60 

9.36 

40.5 

5,000 

* 


**  Average  Value  of  Six  Samples 


AJ 

■  Alloy  Junction 

MS 

•  Mesa 

GJ 

*  Grown  Junction 

PE 

a  Planar  Epitaxial 

EP 

■  Epitaxial 

PL 

■  Planar 

ME 

•  Mesa  Epitaxial 
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FIGURE  2-21  Nonalisad  hyg  Degradation  aa  a  Function  of  £>j  and  Nautron  Do* a 


2.3.5 


Exposure  of  •  semiconductor  device  Co  high  energy  radiation 
resoles  in  two  fundamental  effects  that  can  affect  both  surface  and 
hoik.  The  first  is  associated  with  the  electronic  structure  of  the 
atoms  of  the  notorial  and  the  transfer  of  the  incident  radiation  to 
the  structure.  This  energy  transfer  in  turn  results  in  excitation  and 
ionisation  of  the  atonic  electrons  that  can  be  allowed  by  a  range  of 
physical  and  chenical  effects  in  the  notarial  of  the  device.  The 
second  effect  produced  by  incident  high  energy  radiation  is  the  actual 
displacenent  of  a  tons  frou  their  no  real  position  in  the  note  rial  lattice 
structure.  This  can  occur,  for  exanple,  in  the  collision  of  a  fast 
neutron  with  a  lattice  a ton  in  which  the  kinetic  energy  transferred 
to  the  lattice  is  sufficient  to  overcone  the  energy  with  which  it  is 
bound  in  the  lattice.  While  the  two  effects  are  thus  fairly  distinct 
they  are  not  unrelated.  The  displaced  a ton,  for  exanple,  produced  by 
the  fast  neutron,  will  ionise  the  nacerial  as  it  loses  its  kinetic 
energy.  Again,  there  is  evidence  that  in  Ionic  crystals,  an  initial 
ionizing  event.,  produced,  for  exanple,  by  the  interaction  of  a  high 
energy  photon  with  an  atonic  electron,  leads  to  the  production  of  a 
displaced  aton  fron  a  repulsion  effect. 

Early  investigations  of  the  effect  of  high  energy  radiation  in 

semiconductor  devices,  deslt  almost  exclusively  with  the  effect  of  bulk 

displacements  on  transistor  gsin.  With  the  failure  of  the  Telstar 

(8) 

satellite  in  1962,  /however,  and  the  explanation  of  the  effect  as  a 
result  of  surface  radiation  damage  in  transistors  in  the  command 
circuits,  resulting  fron  the  ionizing  effects  of  space  radiation, 
attention  was  directed  to  the  problea  of  radiation  Induced  surface  effects. 
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Chti|«  pnmt  li  iutM  at  t  seudcoodoctor  mftct,  will, 
dt^Kdiat  upon  the  polarity  of  the  charge,  attract  or  rapal  mobile 
cuarge  carriers  free  the  balk.  This  rearranjpawnt  of  charge  leads 
to  one  of  three  conditions,  la  the  first,  a  depletion  region  Is  fomed 
Just  under  the  surface,  in  which  the  aobila  charge  carrier  density  is 
reduced  froa  that  in  the  hulk,  in  effect  £or*ii. jt  f  sigh  resistivity 
region  adjacent  to  the  surface.  In  the  second  condition,  which  is  a 
further  progression  of  the  first,  the  depleted  region  develops  a  sub¬ 
region  nest  to  the  surface  that  consist*  of  a  conducting  layer  if 
charge  opposite  to  that  of  tht  bulk.  Aa  an  exanple  of  this  consider 
an  >*type  semiconductor .  The  preseaca  of  a  uagatlvs  surface  esarge 

rape Is  elect rocs  iron  the  surface  regions  leaving  a  space  charge  (the 
depletion  region)  of  positive  donors  "depleted**  of  electrons.  For  a 
sufficiently  large  negative  surface  charge,  holes  will  be  attracted 
to  the  surface  end  will  fora  the  inverted  conducting  layer.  The  - 
third  condition  results  froa  a  surface  charge  polarity  that  attracts 
rather  than  repels  majority  carriers.  The  resulting  enhanced  conducting 
layer  at  the  surface  is  termed  an  accumulation  layer.  For  example  In 
an  H-type  semiconductor,  the  accumulation  layer,  consists  at  electrons 
forming  a  low  resistivity  conducting  region  next  Co  thrt  surface,  that 
acts  to  shunt  normal  bulk  carrier  motion,  degrading  device  performance. 

2. 3.5.1  ?mlTPtfi.gad  gnttiiigftSgd  ggteii 

The  grown  junction,  the  alloy  Junction  transistor  and  subsequently 
the  mess  are  examples  of  the  unpassivated  semicondictor  device.  In 
these  devices  the  state  of  the  eurfece  generally  v/ae  uncontrolled  and 
junction  interfaces  were  exposed  Co  the  ambient.  It  is  characteristic 
of  the  unpasslvnted  surface,  that  in  anything  but  a  very  clean  vacuum, 
it  will  tend  to  pick  up  e  number  of  atomic  layers  of  tha  ambient, 
usurlly  oxygen.  Aa  o  result  of  this  process,  surfaca  atataa, 
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representing  potential  electron  or  hole  trapping  sites  ere  produced 
st  the  semiconductor  surface .  These  have  been  tscead  "fast"  states, 
since  they  can  interchange  charge  rapidly  with  the  balk,  fast 
representing  relaxation  tines  of  the  order  of  10*^  seconds.  In 
addition  to  these  states,  other  states,  tamed  "slow1*  states  will  also 
fom  that  are  associated  with  foregln  ions  that  are  found  la  the  sanl- 
conductor  surface .  The  importance  of  these  states  is  that  they  can 
directly  control  the  electrical  character  of  the  device  surface  and 
consequently  transistor  gain  and  junction  leakage  currents . 

(9) 

la  the  passivated  device  as  typified  by  the  contemporary 

planar  and  planur-apitaxial  transistor,  these  deleterious  effects  were 

prcfoqsei/  modified.  For  :\.c  device  the  silicon  surface  in  covered  hy 

a  deliberately  grown  layer  of  oxide  about  1(P  to  104  A  Is  thickness. 

This  has  the  effect  of  isolating  the  seniconductor  surface  from  the 

ambient,  thus  passivating  it.  In  a  study  made  by  Atalla,^1^  oxides 

grown  st  a  temperature  of  1000  0  in  dry  or  wet  oxygen  were  stable  over 

long  periods  cf  time.  Meesur  ’’me*’?-'  sdlcated  that  there  were  no 

effects  from  slow  surface  states  ano  m  the  presence  of  either  wet  or 

dry  nitrogen  no  shifts  in  surface  conductivity  resulted  from  the 

introduction  of  slow  states.  On  the  other  hand,  as  In  the  case  of 

the  unpassivated  surface,  fast  states  are  present  with  surface  densities 
10  11  -2 

of  the  order  of  10  >10  cm  .  Thus,  the  addition  of  the  passivated 

layer  generally  Improved  unirradiated  device  performance  by  simply 
isolating  the  silicon  surface  under  the  oxide,  from  the  ambient 
produced  slow  states,  the  result  is  a  very  low  1^^  and  a  more  stable 
gain.  The  growth  of  the  silicon  oxide  also  improves  emitter  efficiency 
at  Ictc  currents. 
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2.3.S.2  Badiatioo  Iffects  in  the  Un passivated  Da*. .* •'» 

In  general,  ospuiirttcd  device  response  to  radiative  is 

complicated,  with  the  results  depending  in  varying  degrees  upon 

manufacturing  processes.  This  accounts  for  the  fact  that  particular 

device  types  from  different  manufacturers  will  lack  uniformity  in 

their  response.  radiation.  The  evidence  appears  tc  indicate, 

however,  that  the  -  "dominant  effect  of  ionising  radiation  in  the 

unpassivated  device  la  the  formation  of  a  conducting  channel  that 

is  associated  with  a  particular  type  of  conducting  layer  as  previously 

described.  As  discovered  y  Broun, an  anomalous  leakage  current 

can  flow  in  an  HP*  structure  as  a  result  of  conducting  channel,  in  the 

form  of  an  H~ type  inversion  layer,  across  the  P-regim .  This  leads  to 

a  current  paralleling  that  of  tie  main  junction  current  but  due  to  a 

flow  of  the  same  conductivity  type  as  the  emitter  and  collector  end 

regions.  In  the  presence  of  radiation  the  channel  will  form  as  a 

result  of  the  ionization  of  the  ambient,  the  resulting  ions  diffusing 

or  drifting  to  the  semiconductor  surface  as  r.  result  of  the  fringing 

(12) 

electr' *  fields  present  at  an  exposed  reversed  bia=  Junction. 

This  effect,  occurlug  at  the  collector  base  junction  in  a  mrsa  device, 

(13) 

was  invoked  by  Blair  in  accounting  for  device  malfunction  in  the 
Velstar  satellite. 

Iu  general,  the  surface  effect  in  the  unpassivated  device  will 

3 

be  evident  for  radiation  doses  of  the  order  of  10  rad (Si)  as  compared 
to  10^  rad (Si)  for  the  bulk  effect.  Saturation  will  occur  at  doses  of 
the  order  of  10^  rad  (Si)  for  the  surface  effect.  Experiments  show 

that  reverse  bias  leakage  current  for  diodes  and  1^^  and  h^  for 
transistors  are  the  parameters  most  susceptible  to  the  radiation  surface 
effect. 
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Is  the  dlod*,  leakage  curreate  can  increase  several  oiler* 
rag£.ftw*e.  and  ca?  c  .  aey  not  saturate.  In  the  transistor,  7^ 
e<o.ibits  a  sisdlar  behavior.  Common  emitter  current  sain  (h^)  decreases 
with  radiation  exposure.  lecovezy  can  oc«=«r.  however,  and  is  enhanced 
by  baking,  application  of  forward  bias is*,  or  exposure  to  radiation 
vithout  bias. 

Since  the  collector  junction  bias  pi*,;  •  role  in  Zb*  formation 
of  the  radiation  induced  channel,  a  strong  dependence  of  I_„  in  applied 

(g )  '  w 

bias  should  be  observed.  This  was  observed  by  Peck  who  demonstrated 

that  a  combination  of  both  biaa  and  radiation  ia  neceasazy  to  produce 

IggO  d^Srsdatiut.  Generally,  it  was  found  that  for  a  given  radiation 

dose,  IggQ  increased  with  increasing  collector-base  bias,  and 

correspondingly,  at  a  given  bias  increased  with  increasing  radiation 

dose.  Peck  also  obtained  evidence  that  a  difference  of  potential  between 

the  transistor  can  and  the  semiconductor  also  affected  Iqjq*  The  results, 

however,  were  not  reproducible.  A  isirly  extensive  series  of  tests 

(14) 

was  carried  out  by  Cocca  and  Koepp-.'aker  on  the  effects  of  ionizing 
radiation  on  selected  seadconductor  devices  fros.  cue  approved  parts  lisi. 
for  the  Nimbus  satellite.  Table  2-4  lists  the  unpass ivated  components 
tested . 


A  Co**®  gamer,  source  was  utilized  to  perform  the  tests  at 
a  dose  rate  of  10"*  rad (Si) /h.  The  transistors  had  a  10  V  collector-base 
junction  voltage.  The  signal  diodes  were  r&«erse-biased  at  the  sane 
potential.  Bias  supply  voltages  were  monitored  throughout  the  test  and 
remained  within  two  percent  of  their  rated  values.  Typical  results 
are  ihown  in  Figures  2-22,  2-23,  2-24  and  2-25. 
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FIGURE  2-23  Gaia  Degradation  of  a  FNP  Si  Mesa  2N1I32  Transistor 
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(A)  AT  VCB  *  luV 


2-3. 5-3  Isdia^ioa  o fleets  in  Che  Fuilnud  Bevies 

The  silicon  planar  transistor  passivated  with  •  leyer  of 
the  easily  (rove  silicon  dioxide  represents  a  distinct  advance  over  its 
predecessor,  in  effectively  isolating  the  surface,  particularly  the 
Junction  regions,  from  the  ambient.  This  Isolation,  however,  in 
sandwiching  an  insulating  Material  between  the  silicon  and  the  aabient, 
necessarily  places  in  contact  with  it  a  Material  that  can  interact 
Itself  in  a  coupler  way  with  the  aabient.  Accordingly,  experiments 
have  demonstrated  that,  while  the  planar  is  an  improvement  over  the 
mesa,  transis  or,  for  example,  ionising  radiation  will  affect  planar 
operation  as  well. 

In  experiments  carried  out  by  Hughes  a  total  of  150  silicon 
planar  devices  were  studied  before,  during,  and  after  expoaure  to 
1  x  106  rad (Si)  of  cobalt  60  gamma  irradiation  at  a  rate  of  2.75  x 

A  Q 

10  rad (Si) /min  and  at  an  aabient  temperature  of  25  C.  Both  IP*  and 
PUP  devices  were  tested  and  significant  differences  were  observed  in 
two  types  in  their  response  to  radiation.  For  a  2*2222,  the  couaon 
emitter  current  gain,  in  a  selection  of  10  units,  showed  a  decrease 
ranging  frou  11  to  41  percent  as  *  result  of  exposure  to  1  x  10^  rads (SI). 
Five  of  the  units  were  held  at  a  collector-base  bias  of  15  volts  and  the 
other  five  were  unbiased.  There  was  no  significant  difference  noted 
in  the  response  of  the  two  groups.  For  PKF  translators,  only  a 
"relatively*  small  amount  of  decrease  was  observed  when  the  devices 
were  unbiased  during  irradiation.  When  the  PNP  devices  were  biased 
during  irradiation,  however,  decreased  by  "tena  of  percent."  ia 
addition,  PSP  devices  exhibited  an  increase  in  of  two  to  four 
orders  of  magnitude  during  irradiation.  In  order  to  test  the  possible 
effect  of  the  encapsulating  gas  surrounding  the  device,  an  irradiation 
under  high  vacuum  was  carried  out.  In  this  test  2N2801  PNP  transistors 
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were  tested  and  the  results  indicated  that  the  and  gain  degradation 
persisted  under  radiation  exposure  both  with  and  without  bias.  It  sag 
concluded,  therefore,  that  the  surface  degradation  of  the  silicon 
planar  device  does  not  depend  on  conditions  external  to  the  device. 

It  is  not  evident  that  this  conclusion  also  holds  for  the  NPH  device, 
however,  since  vacuum- irradiation  tests  were  not  reported.  The  transistor 
gain  test  data  are  presented  in  sore  complete  font  in  Tables  2-5  and  2-6, 
taken  from  Hughes  p?.per5*^  The  behavior  of  the  leakage  current  ) 

as  a  function  of  dose  is  shown  for  a  2N2222  in  Figure  2-26  and  for  a 
2H2801  in  Figure  2-27. 


2. 3. 5. 4  Device  Selection  Kecaamendations 

The  radiation  test  results  given  above  sake  it  clear  that  there 
will  be  degraded  device  performance  in  an  ionizing  environment.  This 
will  be  true  for  the  passivated  as  well  as  the  unpassivated  device. 

Generally,  the  effect  depends  on  bias  and  radiation  and  it  is  recommended 
that  provision  be  made  for  bias  removal  if  circuit  considerations  permit.  The 
data  of  Hughes appears  to  warrant  the  recommendation  that  HW  planar  devices 
be  used  rather  than  PNP  type  insofar  as  gain  degradation  is  concerned.  In 
the  dose  ranges  up  to  10s  rad (Si),  the  radiation  induced  Increase  in  1^^ 
appears  to  be  about  the  same  for  each  type.  To  the  extent  that  circuit 
selection  and  design  permit,  operation  with  forward  bias  on  emitter-base 
and  collector-base  junctions  seems  preferable.  Under  normal  bias 
conditions  with  collector-base  reverse-bias,  the  smallest  bias 
level  consistent  with  circuit  requirements  should  be  used. 

For  unpassivated  devices,  germanium  is  recoceaended  in 
applications  vhere  only  small  fractional  changes  in  can  be 

tolerated.  Silicon  unpassivated  devices  exhibit  order  of  magnitude 
changes  in  Icao*  ^  silicon  mesa  2N1132  exhibits  a  I^bq  decrease  of 
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TABU  2-5 


(15) 


2)12222  KPN  Silicon  Planar  Transistor 
hFB  4t  VCE  *  25  V  *nd  Xc  “  2,5 


Unit 

Before 

Irradiation 

After 
(106  rad) 

l 

Difference 

Reverse  Bias 

Daring 

Irradiation 

V  _  Volts 
CBO 

1 

100 

80 

20 

+15 

2 

150 

110 

27 

+15 

3 

175 

115 

34 

+15 

4 

175 

120 

31 

+15 

5 

175 

120 

31 

+15 

6 

155 

110 

29 

0 

7 

163 

120 

25 

0 

8 

110 

65 

41 

0 

9 

62 

55 

11 

0 

10 

95 

64 

33 

0 
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Tabic  2-6  2X2801  FHP  Xpltaxial  Planar  Translator 


(15) 


Bata  (h£e) 


Unit 

Bafora 

Irradiation 

After 

Irradiation 
(106  rad) 

X 

Difference 

Collector- 
Base  Bias 

During 

Irradiation 

1 

106 

23 

78.2 

-15  V  dc 

2 

100 

33 

67.0 

-15  V  dc 

3 

90 

40 

55.5 

-15  V  dc 

4 

160 

105 

34.4 

-15  V  dc 

5 

150 

38 

74.8 

-15  V  dc 

6 

175 

100 

42.8 

-5  V  dc 
(6Q  cps) 

7 

80 

28 

65.0 

-15  V  dc 

8 

130 

80 

38.4 

-15  V  dc 

9 

95 

53 

44.2 

-15  V  dc 

10 

105 

95 

9.5 

0 

11 

130 

24 

81.6 

-15  V  dc 

12 

105 

26 

75.2 

-15  V  dc 

13 

115 

100 

13.0 

0 

14 

110 

95 

13.6 

0 

15 

105 

90 

14.3 

0 
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FIGURE  2*26  Effect  of  Radiation  on  Leakage 
Current  of  a  2N2222  Transistor 


0  10  20  JO  AO  50  60 

TME  (MINUTES) 


FIGURE  2*27  Effect  of  Radiation  on  Leakage 
Current  of  a  2N2801  Transistor 
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nfeomt  as  order  of  magnitude  in  the  range  10^  -  10^  rad  (Si)  with 
decreasing  in  the  sane  range  by  about  12%. 

2.3.6  Beta  Annealing 

Ismediately  after  a  neutron  pulse,  transistor  beta  is  degraded 
Co  lower  values  than  at  later  times .  This  phenoamnon  has  been  called 
rapid  or  beta  annealing.  In  order  to  relate  this  time-dependent  beta 
degradation  to  permanent  beta  degradation,  an  annealing  factor  is  used. 
The  annealing  factor  (f)  at  time  (t)  after  a  neutron  pulse,  is  defined  as: 


f 


ffe  "  Bi 
JL  _  XT 
pf  e, 


(2-16) 


where  Bf  and  8(t)  are  the  initial,  final,  and  time-dependent  betas. 
It  follows  that  the  annealing  factor  is  the  factor  by  which  the  neutron 
finance  must  be  increased  to  evaluate  time-dependent  beta  degradation 
from  the  permanent  beta  degradation.  For  example,  suppose  the  annealing 
factor  is  twr  at  l  ms,  and  one  wishes  to  determine  the  beta  degradation 
at  1  ms  after  a  neutron  pulse  of  1  x  10^  n/cm^.  The  beta  decrease  at 
1  ms  is  then  equal  to  the  permanent  decrease  at  2  x  101H  n/cm  . 

Many  annealing  factors  have  b«sr  measured  at  Hughes,  and 
an  active  program  is  now  extending  these  measurements  as  well  as 
developing  a  theoretical  model  for  the  effect.  A  few  examples  of  this 
data  are  shewn  in  Figure  2-28,  where  annealing  factors  for  the  2N2222, 
2N1613,  2N50I6,  and  2N709  transistors  are  shewn  for  times  between 
200  (is  and  100  s.  The  fact  that  the  annealing  factors  have  significant 
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values  over  Sv.  many  decades  of  Clae  demonstrates  that  the  rapid 
annealing  factor  must  be  considered  in  the  selection  of  components. 

.■>  ■?) 

The  analysis  '  shows  that  diffusion  predominates  in  the  time 
regime  between  a  few  ms  and  several  s.  The  data  agree  with  a  relatively 
simple  / t  law,  and  the  parameters  derived  from  the  data  are  consistent 
with  a  simple  model  that  depends  on  the  diffusion  of  atomic  defects. 

An  analysis  that  predicts  the  time  deoendence  at  earlier  times  than  a 
few  as  is  now  being  developed. 


FIGURE  2-28  Annealing  Factor  of  Transistors  as  a 

Function  of  Time  After  a  Neutron  Pulse 
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2.4  IHodes 

rfe#  effects  of  sucleer  radiation  on  semiconductor  diodes  are 
transient  in  nature.  The  permanent  damage  caused  by  neutrons  can  usually 
be  considered  negligible.  Reverse-biased  diodes  will  conduct  during  the 
radiation  pulse  and  forward-biased  diodes  will  conduct  slightly  more. 

The  total  equilibrium  photocurrent  response  of  a  reverse-biased 

diode  is  composed  of  a  depletion  component  and  an  equilibrium  diffusion 

(1  4) 

component.  In  equation  fore:  * 


Sp  *  W4*pl*tlon)  *  Spl  <diffusion> 

(2-17) 

“  qgA  (w  *  L) 


where:  q 

g 

A 

w 

L 


•  charge  on  the  electron 
»  generation  rate 

•  Junction  area 

<■  width  of  depletion  region 

•  diffusion  length 


The  generation  rat<?  of  electron-hole-pairs  is  directly  proportional  to 
the  radiation  dose  rate  (  y  ).  Consequently,  equilibrium  photocurrent  is 
directly  proportional  to  dose  rate  (assuming  the  density  of  induced 
electron-hole-pairs  does  not  exceed  the  doping  level  of  the  send  conductor 
diode). 


Photocurrent  values  will  range  from  tens  of  miiliamperes  to 
several  tens  of  amperes.  The  amount  of  photocurrent  depends  on  the  power 


2-36 


rating  and  ravers*  voltage  rating  of  the  diodes.  Diode  types  can  be 

arranged  in  an  order  of  increasing  1  generation  as  follows: 

PP 

Hot  carrier 
.  Step  recovery 
.  High  frequency  switching 

.  Varactors  (low  power) 

.  Medina  current  diodes  (  50  mk  to  1A  ) 

.  Power  diodes  >  1  A 

The  differences  in  the  first  four  types  nay  be  negligible. 

Tunnel  diodes  are  the  most  radiation-hard  active  devices.  Shockley  diodes 
and  SCR's  will  turn  on  during  the  radiation  pulse  and  remain  on  until 
power  is  removed  and  should  be  avoided  or  used  with  caution.  Zener 
diodes  operating  well  in  the  sener  region  will  conduct  more  heavily 
during  the  radiation  pulse;  however,  this  effect  should  be  negligible. 

Figure  2-29  shows  the  measured  photocurrent  as  a  function  of 
gauska  radiation  for  a  number  of  diodes.  Note  that  at  a  dose  rate  of 

g 

5  x  10  rad(Si)/^  photocurrents  range  from  0.2  ak  to  30  mi. 

Tabic  2-7  is  a  tabulation  of  measured  diode  photocurrents  at 
various  dose  rates  and  three  different  reverse-bias  voltages. 

Figure  2-30  shews  measured  photocurrent  as  a  function  of  the  diode 
maximum  forward  rectified  current  (Iq)  for  several  diodes  at  two  doae  rates. 
This  curve  can  be  ueed  to  estimate  diode  photocurrent  when  no  measured  data 
is  available. 
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Diode 

No.  Type 


TABLX  2-7 

MEASURED  D1C0K  SOU  I  LIBRIUM  paOTOCUUJtOT 

at  nstu  Ksmsi  bias  touacxs  ^ 

Dote  Rate  *  Equilibrium  1  («A) /reverse  bias  (volts) 

8  PP 

10  iti  (SI)/.  .t  tHI  .t  VtK  .t  <w 


■> 


1 

1N643 

5.0 

9.53/1.6 

10.43/12.7 

11. 03/24 

8 

1M3730 

5.0 

11.  93/1. 6 

13.26/12.7 

13.93/24 

u 

1H3064 

5.0 

1.00/1.6 

1.13/12.7 

1.21/24 

21 

1N3070 

5.0 

3.28/1.6 

3.80/12. 7 

4. 38/^4 

35 

1«691 

5.0 

15.00/ 3. 1 

15.86/12.7 

16.53/24 

42 

1N697 

5.0 

16.00/3.1 

16.66/12.7 

17.53/24 

49 

1N4087 

3.0 

1.53/1.6 

1.77/12.7 

1.96/24 

61 

1N3600 

5.0 

0.57/1.6 

0.78/12.7 

0.88/24 

68 

1N914 

5.0 

0.41/1.6 

0.55/12.7 

0.76/24 

109 

1N659 

5.0 

0.68/1.6 

0.82/12.7 

0.94/24 

116 

1N4533 

5.0 

0.29/1.6 

0.41/12.7 

0.50/24 

143 

1N662 

5.0 

0,60/1.6 

0.84/12.7 

1.10/24 

55 

1N4376 

20.0 

0.57/1.6 

1.12/12.7 

2.48/26 

28 

1N3595 

0.50 

2.13/3.1 

2.33/12.7 

4.00/46 

75 

1N645 

0.50 

21.20/3.1 

21.20/12.7 

23.73/46 

82 

1N649 

0-50 

22  13/4.5 

,2.80/12.7 

23.47/46 

88 

1N483B 

0.50 

7.65/3.1 

7.87/12.7 

8.45/46 

95 

1N485B 

0.50 

4.35/3.1 

4.35/12.7 

4.88/46 

102 

1N3577 

0.50 

13.67/3.1 

13.67/12.7 

14. 13/46 

123 

1N3189 

0.50 

63.73/4.5 

69.07/12.7 

71.73/46 

129 

1N3191 

0.50 

106.7  /28.5 

120.0  /40.0 

130.0  /46 

136 

1N560 

0.50 

Saturated 

Saturated 

90.0  /4b 

*  Normalized  dose  rate. 
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FIGURE  2-30  Measured  Diode  Photccurrent 

(Date  takes  at  0.2  us  Pulse  Width) 
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2.5  lafctt*tw»4  Oxsatti 

2.5.1  Samsd.  VlMUtlce 

Although.  integrated  circuit*  currently  are  nor  widely  used  la 
power  supply  subsystems ,  they  nevertheless  have  several  important 
influences  on  power  subsystem  operation  in  a  nuclear  environment .  The 
first  coaside ration  is  that  integrated  circuits  are  finding  increasing 
application  in  power  supplies  particularly  is  the  control  functions 
for  pulaa  width  nodulated  switching  regulators.  Another  recent  develop¬ 
ment  that  will  influence  power  supply  design  is  the  integrated  circuit 
low  current  regulator  designed  far  on-card  regulation.  On-card 
regulation  appears  attractive  both  from  electrical  considerations  and 
radiation  considerations  whan  compared  with  tbs  alternate  technique  of 
building  a  high  wattage  supply  and  distributing  the  power  to  circuit 
cards.  The  above  considerations  will  influence  future  power  euisystaa 
design. 


An  important  problem  connected  with  integrated  circuits, 
which  is  associated  with  currently  existing  systems  and  their  interaction 
with  radiation,  is  that  many  of  the  loads  for  space  power  subsystems 
consist  entirely  of  integrated  circuits.  Integrated  circuits  can 
prevent  a  severe  transient  load  on  the  pewer  supplies  under  irradiation. 
Therefore,  discussions  of  the  effects  of  radiation  on  integrated  circuits 
are  Included. 

Integrated  circuits  bahava  as  assemblages  of  components  on  exposure 
to  s  high  dose  rate  transient  radiation  pulce.  Primary  photocurrent  (lpp), 
external  ionisation,  and  secondary  emission  affects  occur.  The  radiation 
environment  may  cause  all  integrated  circuits  to  either  turn  ON  or  OFF 
or  saturate  depending  on  the  type  of  circuit  (digital  or  linear)  and 


2-61 


the  circuit  application.  Stonge  time  arelogous  to  t  ^  for  transistors 
also  occurs.  However,  in  Monolithic  integrated  circuits,  the  wst 
important  transient  effect  is  doe  to  the  substrate  response  to  ionising 
radiation,  end  the  substrate  interaction  with  the  active  devices.  For 
high  radiation  levels,  the  substrate  photocurrents  ate  on  the  order  of 
amperes  and  way  exist  for  sevenl  microseconds. 

Many  integrated  circuits  la  an  electronic  system  will  be  ON  and 

S 

saturated  when  the  transient  radiation  dose  rate  reaches  1  x  10  rad  (Si)  /a. 
Therefore,  the  prime  consideration  in  hardening  integrated  circuits  above 
this  level  should  be  the  prevention  of  catastrophic  failures.  See 
Section  2.6. 

In  regard  to  neutron  damage,  presently  available  monolithic 

integrated  circuits  have  critical  radiation  thresholds  well  in  excess  of 
13  2 

10  n/cm  for  normal  fan- out  a . 

Neutron  damage  effects  end  transient  radiation  effects  are 
summarised  below. 

2.3.2  patat  »s>w  Effmi 

Neutron  radiation  produces  the  foilcaring  effects  in  integrated 

circuits: 


.  hpg  decreases 

Leakage  currents  increase 

Minority  carrier  lifetime  decreases 
Breakdown  voltages  increase 
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The  predominant  affect  will  be  to  decrease  As  decreases, 

the  available  circuit  output  current  decreases,  output  voltages  in  the 
ON  state  increase  and  eventually  circuits  cease  to  function  properly, 
particularly  if  fully  loaded. 

2. 5. 2.1  Gates 

Typical  integrated  gate  circuits  are  shown  in  Figure  2-31. 

The  principal  damage  in  monolithic  circuits  is  the  degradation  of  the 
output  transistor  dc  forward  current  gain,  hyj.  This  is  not  apparent 
in  the  OFF  state  of  a  gate  circuit,  since  no  current  flows  during  this 
condition.  For  this  reason,  neutron  damage  tests  are  performed  with 
the  gate  circuit  in  the  OH  state.  In  this  state  the  transistor  is 
saturated.  As  the  current  gain  degrades,  the  collector  current  decreases 
and  the  device  may  come  out  of  saturation.  If  this  occurs  the  output 
voltage (Vqjj)  will  begin  to  Increase.  Circuit  failure  occurs  when  V0N 
reaches  a  value  such  that  adequate  noise  margin  can  no  longer  be 
maintained.  The  critical  value  of  7^  is  assumed  to  be  0.3  volts  for 
STL  and  KCT1.  gates  and  0.5  volts  for  the  DTL  gates.  The  neutron  fluence 
at  which  these  values  are  reached  is  defined  as  the  critical  radiation 
threshold  for  permanent  damage. 

In  order  to  observe  measurable  damage  at  a  neutron  dose  of 
14  2 

2.7  %  10  n/cm  ,  very  large  fan-outs  are  required.  Tests  '*ere  performed 
with  fan-outs  of  10  and  15.(18)  Tables  2-8,  2-9  and  2-10  list  these 
threshold  dssage  levels . 

2. 5. 2. 2  Flip-Flops 

The  effect  of  neutron  degradation  of  flip-flop  circuits  are 

(ig) 

evaluated  in  two  ways.  The  first  method  consists  of  observing  the 
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FI GDIS  2-31  latlc  Gate  Circuit! 
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TABLE  2-9  Critical  Radiation  Thresholds  For 
Deaage  Failure  in  KTL.  XCTL  Gates 
For  Fan-Out  Of  15  (W 
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lfcA711  Dual  Coaiparator 


output  voitage  Vqjj  of  the  ON  half  of  the  flip-flop  and  treating  It  as 
another  ON  gate.  Tha  other  net hod  Is  to  measure  the  trigger  level 
sensitivity  by  applying  a  clock-pulse  of  varying  amplitude  after  each 
interval  of  irradiation. 

In  the  first  net hod,  will  increase  as  the  current  gain 

degrades  and  the  collector-current  cones  out  of  saturation.  Circuit 

failures  can  be  defined  when  exceeds  the  noiee-aargin  of  the  OFF 

half  of  the  circuit  and  tries  to  turn  it  ON.  It  will  also  exceed  the 

noise-aargln  of  the  loading  circuits  and  tend  to  turn  them  ON.  Thus, 

the  critical  radiation  threshold  for  this  condition  is  the  sue  as  that 

for  the  equivalent  gate  circuit.  Table  2-11  shows  the  degradation  of 

the  load  driving  capability  of  the  DTL  flip-flops  in  comparison  with 

that  for  DTL  gates  of  Identical  output  circuit  construction  after 
14  2 

2.7  x  10  n/ca  .  The  load  driving  capability  is  directly  related 
to  the  transistor  current  gain. 

The  trigger  level  sensitivity  is  measured  as  a  function  of 

(18) 

neutron  fluence  for  all  of  the  flip-flops.  The  DTL  flip-flops 
consisted  of  ac  coupled  and  dc  coupled  type.  The  results  were: 

The  trigger  threshold  level  for  ac  coupled  DTL  flip- 

13  2 

flops  begins  to  degrade  at  about  4  x  10  n/ca  and 

14  ? 

falls  off  about  10  to  20  percent  at  2.7  x  10  n/ca  . 

(Sea  Figure  2-32) 

No  change  in  trigger  threshold  level  is  observed  in 
dc  ccupled  DTL  flip-flops  at  2.7  x  10*^  n/ca^. 

(See  Figure  2-33) 
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TABLE  2-11  Normalized  Degradation  Of  Loading 
Capability  /or  DTL  Circuits  After 
2.7  x  1014  n/cm2  (E  >  10  keV)(18) 


CIRCUIT 

MANUFACTURER 

TYPE 

ILF/IL 

Max. 

DlUL  ?30 

Fairchild 

Standard  Gate 

0.45 

DTUL  931 

Fairchild 

Flip-Flop 

0.46 

MC  206 

Motorola 

Standard  Gate 

0.36 

0.42 

MC  209 

Motorola 

Flip-Flop 

0.36 

0.49 

■ 

GME 

Power  Gate 

0.59 

0.66 

■ 

GME 

Flip-Flop 

0.62 

0.68 

D  9004  H 

Signerlcs 

Standard  Gate 

0.34 

eh 

D  9006  H 

Signetics 

Flip-Flop 

0.25 

m 

2.2 
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FIGURE  Z  3;  ^gradation  of  Trigger  Threshold  Level  for  ac  Coupled 
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gradation  of  Trigger  Threshold  Level  for  dc  Coupled  DTL  Flip-Flops 


The  trigger  threshold  level  of  FTL  and  RCTL  flip-flops 
either  remains  unchanged  or  increases  slightly  at 
2.7  x  10*^  n/cm^.  (See  Figures  2-34  and  2-35) 

One-shot  Multivibrators  are  similar  to  flip-flops. 

The  trigger  threshold  levels  for  ac  coupled  OTL  types 
decrease  in  the  same  way.  (See  Figure  2-36) 

In  no  case  is  the  change  in  trigger  level  sensitivity  great  enough  to 

14  2 

produce  failure  for  neutron  fluences  up  to  2.7  x  10  n/ca  .  Thus, 
the  critical  radiation  threshold  for  failure  is  largely  determined  by 
the  loss  of  noise-aargin  for  the  equivalent  gate  circuit. 

2.5.3  Transient  Effects 

The  transient  radiation  effects  generally  result  in  a  pulse 

at  the  output  of  the  circuit.  Thee:  pulses  are  passed  from  one  circuit 

to  the  nexc  which  may  trigger  flip-flops,  be  aaplifed  by  each  succeeding 

amplifier  or  produce  effects  in  the  output  that  may  or  may  not  be 

significant,  depending  on  the  system.  These  transient  pulses  can  be 

considered  as  a  form  of  noise  pulse.  These  noise  pulses  can  turn  the 

devices  ON  or  OFF  for  short  periods  of  time.  If  the  loading  circuits 

(fan-out)  are  not  affected  by  these  noise  pulses,  then  no  false 

information  is  injected  into  the  system.  However,  circuit  failure 

during  radiation  occurs  when  the  radiation  induced  circuit  output 

voltage  exceeds  the  noise  margin  of  these  devices  which  act  as  a  load 

for  the  circuit  under  test.  The  duration  or  width  of  the  noise  pulse 

(19) 

is  also  of  significance.  Detailed  radiation  effects  data  are 
presented  in  Figures  2-37  through  2-41  for  one  type  of  integrated  circuit. 
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FIGURE  2-36  Degradation  of  Trigger  Threshold  Level  for  One-Shot  Multivibrators 


FIGURE  2-37  Output  Response  vs  Dose  Rate  for  the  0IltL9 


RESPONSE  (mo)  RESPONSE 


DOSE  RATE  (RADS  (Si) /SEC) 

A  CURRENT  IN  GROUND  LEAD 


DOSE  RATE  (RADS  (Si) /SEC) 

R  CURRENT  IN  POWER  SUPPLY  LEAD 

(19) 

FIGURE  2-39  Current  Surges  vs  Dose  Rate  for  the  DD*L932  (1  State) 
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RESPONSE  (ma)  RESPONSE  (ma 


DOSE  RATE  (RADS  (Si)  /SEC) 


A  GROUND  LEAD 


3 


DOSE  RATE  (RADS  (Si) /SEC) 

B  POWER  SUPPLY  LEAD 

FIGURE  2-40  Current  Surges  vs  Doce  Rate  for  the  DTAL932  (0  State) 
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FIGURE  2-41  Transistor  Secondary  Photocurrent  vs  Dose  Rate  for  the  Dj>L932 


The  results  of  experimental  evaluations  are  summarized  below 
and  in  Tables  2-12  through  2-  lf18\he  qualitative  features  to  be 
observed  in  these  results  are  as  follows  (not  that  "more  sensitive" 
means  "lower  threshold") : 

RCTL  circuits  are  more  sensitive  to  transient 
radiation  disturbances  than  either  RTL  or  DTL 
circuits.  (See  Tables  2-12  and  2-13) 

.  The  best  RTL  and  DTL  circuits  are  about  equally 
sensitive  i.e.  no  superiority  of  logic  type. 

(See  Tables  2-12  through  2-15) 

.  Low  power  RTL  gates  and  flip-flops  are  more 
sensitive  than  the  higher  power  types.  (See 
Tables  2-12  and  2-13) 

.  DTL  gates  without  internal  load  resistors  are 
more  sensitive  than  those  with  the  internal 
load  resistors.  (See  Table  2-14) 

RTL  ON  gates  are  insensitive.  (See  Table  2-12) 

In  the  majority  of  cases,  DTL  gates  are  more 
sensitive  in  the  ON  state  than  in  the  OFF  state. 

(See  Table  2-14) 

Fan-in  has  no  effect  on  circuit  responses  as  far 
as  loading  effects  are  concerned. 
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Fan-out  has  no  effect  on  the  sensitivity  of  DTL  gates, 
but  sensitivity  increases  slightly  for  RTL  and  RCTL 
gates.  (See  Table  2-12) 

Flip-flops  are  more  sensitive  (to  self-triggering) 
than  gates  of  the  same  logic  type  except  for  DTL 
gates  without  internal  load  resistors.  (See  Tables  2-13 
and  2-15,  and  Tables  2-12  and  2-13.) 
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TABLE  2-12  Critical  Radiation  Thresholds  For  Transient 
Radiation  Effects  For  RTL,  RCTL  OFF  Gates. 
Averages  Of  Four  Circuits  Of  Each  Type.  (1®) 


OFF  FAILURE  THRESHOLD 
RABS(Si)/S£C 

FANOUT  =  0 

FANOUT  =  5 

LOW  POWER  RTL  GATES: 

Fairchild  MWp,L910 

GME  13AD2 

7  x  107 

2  s  108 

4  x  107 

1  x  108 

STANDARD  RTL  GATES: 

Amelco  "G" 

Fairchild  MWnL903 

5  x  108 

6.5  x  108 

4  x  108 

2  x  108 

RTL  POWER  GATES: 

Amelco  "B" 

GME  153D3 

3  x  108 

6  x  108 

5  x  108 

2  x  108 

RCTL  GATES: 

Sprague  US0104A 

Tex.  Inst.  SN512 

1  x  10° 

2  x  106 

<  1  x  106 

2  x  106 

Note:  No  response  observed  in  ON-state  for  RTL  gates. 
S»e  text  re:  RCTL  gates. 
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TABLE  2- 14  Critical  Radiation  Thresholds  For  Transient 
Radiation  Effects  For  DTL  Gates.  Averages 
tor  Four  Circuits  Of  Each  Type.  (18) 


DTL CIRCUIT  TYPE 


FAILURE  THRESHOLD  RADS (St) /SEC 


OFF-STATE 

ON-STATE 

CIRCUITS  WITH  INTERNAL  LOAD  RESISTORS: 

Fairchild 

DTuI  930 

5  x  10® 

~  i  x  io9 

GME 

254-G3 

2  x  10® 

9 

1  x  10s 

Hugh. s 

DTL-20 

1  x  109 

7.5  x  108 

Motorola 

MC-206 

5  x  108 

5  x  107  I 

Slgnetlcs 

L 

9004H 

3.5  x  10® 

1  x  10® 

POWER  GATES  WITH  COMPLEMENTARY  OUTPUTS: 

Fairchild 

DTUL  932 

1  x  I09 

3  x  108 

Slgnetlcs 

9007H 

3  x  107 

>  1  x  109 

CIRCUITS  WITH  NO 

INTERNAL  LOAD  RESISTORS: 

GME 

264P 

5  x  107 

1  x  109 

Motorola 

MC-204G 

1  x  107 

M 

O 

'O 

Slliconix 

A02A 

6  x  iO7 

4  x  107 

Silicon!* 

A06A 

6  x  107 

4  x  107 

Tex.  Inst. 

SN341A 

l  x  106 

5  x  10& 

Westlnghouse 

WM201T 

7  x  107 

6  x  106 
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TABLE  2-15  Failure  Threshold  Level*  For  DTL  Flip-Flops 


(18) 


CIRCUIT  DESCRIPTION 

SELF-TRIGGER 

THRESHOLD 

RADS (Si) /SEC 

THRESHOLD  TO 
TRIGGER  ON-GATE 
(eQ  -  -  3V) 

RADS (Si) /SEC 

A.  C.  COUPLED  CLOCK: 

GME  264  B 

2  x  107 

5  x  10® 

Motorola  MC-2C9 

2  x  107 

2  x  10* 

Slgnetics  D9006H 

9  x  107 

3.5  x  107 

D.  C.  COUPLED  CLOCK: 

Fairchild  DIM.  931 

5  x  108 

1  x  109 

Slllconlx  A03A 

9  x  106 

2  x  108  * 

MONOSTABLE: 

Slgnetics  D9008H 

>  109 

3.7  x  107 

*  Measured  at  -2  Volts  since  the  normal  output  voltage  o£ 
this  circuit  is  only  2.5  volts. 
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2.6  Catastrophic  Failure 

The  sain  concern  in  assessing  power  and  system  vulnerabilities 
in  the  study  environaent  is  catastrophic  failures  in  seaiconductors 
due  to  burn-out  caused  by  high  level  radiation  induced  currents.  These 
radiation  induced  currents  can  cause  catastrophic  failures  in  seai¬ 
conductors  due  to  the  following  mechanisms: 

.  Thin  fila  interconnect  burn-out  in  integrated  circuits. 

Bonding  wire  burn-out  in  Integrated  circuits  and 
discreet  devices. 

Junction  daaage  (burn-out)  in  integrated  circuits 
and  discreet  devices. 

The  sources  of  these  currents  are  a  result  of  the  interaction 
of  the  transient  radiation  with  the  semiconductors  themselves.  These 
transient  sources  will  be  due  to  primary  and/or  secondary  photocurrent 
generation  in  diodes,  transistors,  and  integrated  ::ircuits. 

The  general  discussion  in  this  section  is  concerned  with  short 
time  transient  effects  having  time  history  only  slightly  longer  than 
the  radiation  pulse  (tens  of  microseconds)  as  opposed  to  the  long-time 
effects  associated  with  latch  up  and  second  breakdown.  However,  these 
latter  effects  are  discussed  below  for  completeness  and  dismissed  as 
not  being  a  particular  problem  in  modern  well-designed  circuits. 

2.6.1  PNFN  Latch-Up 

The  isolating  substrate  of  an  integrated  circuit  in  combination 
with  transistors  and  resistors  forms  complex  PNPN  structures  as  shown  in 
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Figure  2-42.  The  substrate  isolation  junction  is  normally  reverse-biased 

but  when  large  photocurrents  flow  in  a  high  resistivity  substrate, 

unexpected  bias  voltages  can  be  generated.  A  few  cases  have  been 
(20  21  22  2l) 

reported  in  which  these  radiation  generated  bias  voltages 

have  resulted  in  a  PNPN  switch  action  called  latch-up.  PNPN  latch-up 

can  also  occur  in  complementary  transistor  pairs  foraed  by  a  quadruple 

(21  22) 

diffusion  process.  ’  This  failure  aechanisa  is  catastrophic  from 

a  systems  viewpoint  because  the  power-supply  current  oust  be  interrupted 
to  restore  noraal  circuit  operation.  The  currents,  which  flow  during 
latch-up,  can  also  burn-out  thin-flla  metal  interconnections  and  small 
bonding  wires  causing  complete  circuit  failure. 

Latch-up  was  first  observed  at  low  dose-rates  in  1964  during 

(20) 

radiation  tests  on  some  triple-diffused  integrated  circuits .  Most 

of  these  circuits  are  triple  or  quadruple  diffused  in  70  x  100  mil 
silicon  chips  and  do  not  use  gold  doping.  The  large  chip  areas  (3  to 
4  times  greater  than  modern  circuits)  and  the  long  storage  times  associated 
with  active  devices  result  in  the  generation  of  large  photocurrents  in 
these  circuits  at  low  dose-rates.  Modern  integrated  circuits  using 
epitaxial  construction,  small  chip  ureas,  and  gold  doping  have  not 
been  observed  to  exhibit  PNPN  latch-up. 

Hughes  has  performed  many  tests  on  many  types  of  integrated 

( 24  25)  9 

circuits'  ’  7at  dose-rates  up  to  5  x  10  rad(Si)/s  and  total  doses 

of  5000  rad/pulse  and  has  never  observed  latch-up  in  any  except 

some  of  the  triple-diffused  circuits.  These  tests  included  the 

Fairchild  DTUL930,  932,  962  and  uA709  circuits. 

Hughes  Radiation  Sffects  Research  Department  has  also  made 
measurements  on  the  SN352A  general  purpose  amplifier,  one  of  the  first 
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circuits  which  was  observed  to  exhibit  latch-up.  Common  emitter  current 
gains  greater  than  one  have  been  measured  for  the  HPM  transistor  formed 
by  the  N  collector  of  a  transistor,  the  P  substrate  and  the  N  region 
under  a  diffused  P  type  resistor  as  illustrated  in  Figure  2-42.  The 
equivalent  circuit  for  PNPN  action  is  shown  in  Figure  2-43.  Modern 
integrated  circuits  are  usually  designed  to  keep  the  h^  of  parasitic 
transistors  much  less  than  1.  The  high  value  of  kpE  for  the  parasitic 
transistor  could  explain  the  ease  with  which  some  SN352A  circuits  can 
be  made  to  latch-up.^® 

The  latch-up  mechanism  cannot  occur  in  dielectrically-isolated 
circuits  and  utilizing  these  circuits  where  feasible  will  eliminate 
this  problem. 

Latch-up  tendencies  can  be  reduced  in  junction  isolated 
circuits  if  the  following  manufacturing  techniques  are  employed. 

Gold  dope  the  Integrated  circuits  to  reduce  lifetime  and 
of  parasitic  transistors  so  that  «  1. 

Increase  physical  separation  of  resistors  and 
transistors . 

Increase  breakdown  voltage  between  resistor  N  island 
and  the  P  substrate  by  utilizing  epitaxial 
construction. 

.  Increase  the  P  doping  of  the  substrate  and  reduce  N 
doping  of  collector  region  adjacent  to  the  substrate 
by  epitaxial  construction. 


lower  the  h^g 
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FIGURE  2-43 


Equivalent  Circuit  for  Latch-Up 


Provide  several  veil  distributed  connections  between 
the  substrate  and  the  negative  voltage  supply  terminal . 

A  P+  guard  ring  structure  in  the  substrate  would  be 
ideal  if  it  is  feasible.  This  change  would  help  prevent 
the  collector-substrate  junction  fro*  becoming  forward- 
biased  . 

.  Provide  several  well  distributed  connections  between 
the  resistor  N  island  and  the  positive  voltage  supply. 

This  procedure  would  guarantee  that  the  junction 
between  the  P  and  N  regions  of  the  resistor  was  shorted 
so  that  one  mode  of  PNPN  action  would  be  eliminated. 

Even  if  all  integrated  circuits  utilize  dielectric  isolation, 
a  malfunction  can  still  occur  due  to  a  possible  short  circuit  current 
path,  through  series  transistor  junctions  to  ground.  This  condition 
exists  for  exapaple,  in  the  Fairchild  DXUL932  buffer  gate  and  the 
709  op  emp.  It  is  also  recoonended  that  an  electrical  pulse-current 
screening  test  be  devised  for  all  circuits.  Such  a  test  will  eliminate 
circuits  with  improper  current- limiting  or  faulty  Interconnections. 

2-6.2  Second  Breakdown  Latch-Up 

Second  breakdown  latch-up  is  a  voltage  breakdown  mechanism 
which  can  occur  in  discreet  transistors  and  integrated  circuit  transistors 
under  certain  conditions.  Second  breakdown  latch-up  has  occurred  in 
only  one  type  of  integrated  circuit  tested  to  date.  The  cause  cf  this 
one  failure  has  been  identified  as  poor  design. It  is  believed  that 
second  breakdown  will  not  occur  in  well  designed  integrated  circuits. 

Figure  2-44  illustrates  tue  second  breakdown  characteristics. 
Second  breakdown  will  not  occur  if  a  load  Hue  such  as  Rl^  av°fds  the 
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FIGURE  2-44  Transistor  Second  Breakdown 
Characteristic 
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the  second  breakdown  region.  However,  if  the  transistor  o  para  tan  along 
Hy,  it  will  experience  second  breakdown  as  it  enters  the  second  break¬ 
down  region,  will  latch-up  at  point  A  where  BL^  intersects  the  latch-up 
voltage  line  LV,  and  nay  burn  out  unless  the  current  is  limited.  This 
situation  is  of  particular  interest  in  the  transient  radiation  environment 
since  a  transistor  may  be  normally  working  along  lly  but  the  transient 
radiation  changes  the  load  line  to  11.^,  and  also  turns  the  transistor  ON. 
Thus,  the  transistor  can  be  triggered  into  second  breakdown  by  radiation 
provided  certain  conditions  are  met.  The  first  condition  is  that  the 
supply  voltage  (Vcc>  most  be  greater  than  the  latch-up  voltage  ly.  Ly 
is  equal  to  the  sustaining  voltage  ratings  sometimes  given  on  transistor 
specification  sheets.  A  second  condition  is  that  the  supply  must  be 
capable  of  furnishing  the  sustaining  current.  This  failure  node  should 
not  be  a  particular  problem  in  space  power  sober.' toms  since  the  first 
condition  above  specifies  that  the  supply  voltage  be  relatively  close 
to  the  maximum  collector  to  emitter  voltage,  for  the  transistors 

generally  used  in  circuits  where  this  failure  would  be  catastrophic 
range  from  60  to  100  volts. 

2-6.3  iatgttflmififc  ImaAt 

At  high  radiation  dose  rates,  circuits  using  PN  junction 
Isolation  are  particularly  vulnerable  to  ionising  radiation  because 
power- supply  currents  can  be  shunted  directly  to  ground  through  the 
isolation  Junction  associated  with  diffused  resistors.  The  resistor 
is  formed  by  a  base- type  P  diffusion  in  an  isolated  N-type  island. 

The  N  region  is  r  /really  returned  to  V£e  so  that  the  junction  between 
the  P  resistor  and  the  N  island  will  always  be  reverse-biased.  The 
P-type  substrate  is  always  connected  to  ground  or  the  most  negative 
voltage  supply  in  the  circuit.  A  short-circuit  photocurrent  path, 
therefore,  exists  from  the  power  supply  to  the  N  region,  through  the 
isolation  junction,  and  then  to  ground. 
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Since  resistors  normally  occupy  at  least  SOX  of  the  integrated 
circuit  chip  area  and  are  normally  located  within  the  sane  isolation 
region,  their  isolating  PN  junction  is  by  far  the  largest  photocurrent 
generator  in  the  circuit.  This  failure  mechanism  is  also  possible  in 
dielectrically  isolated  circuits  which  employ  diffused  resistors. 

A  shunt  photocurrent  path  also  exists  where  t.he  circuit  design 
results  in  a  series  combination  of  PN  junctions  between  the  power  supply 
and  ground  that  is  not  limited  by  a  resistor.  Examples  of  this  type 
of  circuit  are  complementary  and  totem  pole  output  circuits.  Ordinarily, 
the  power  supply  can  be  designed  to  supply  these  currents.  However,  at 
high  dose  rates,  these  currents  may  increase  to  the  ampere  level,  or 
even  greater.  Then,  the  small  gold  or  aluminum  bonding  wires  or  aluminum 
interconnections  may  burn  out  causing  permanent  circuit  failure. 
Compatible  thin-film  resistors  will  eliminate  the  shunt  current  path 
associated  with  diffused  resistors,  but  shunt  circuit  paths  through  a 
series  of  circuit  PN  junctions  can  only  be  eliminated  or  current  limited 
by  circuit  design. 

The  thin-film  interconnects  are  the  most  vulnerable  to  over¬ 
currents  due  to  their  small  cross-sectional  area  (typically  1  micron 
x  0.5  mil).  The  1  mil  diameter  wires  normally  used  for  bonding  are 
about  a  factor  of  20  to  50  greater  in  cross  ,ectional  area  and  should 
require  about  a  factor  of  20  to  50  more  power  to  cause  burn-out. 

Burn-out  of  thin-film  interconnects  occurs  near  the  place  where 
the  metallization  crosses  a  dielectric  isolation  fence  or  at  the 
"windows"  cut  out  of  the  oxide  layers.  The  metallization  is  effectively 
stressed  at  these  points  due  to  a  change  in  deposition  depths,  or 
there  may  be  slight  steps,  or  ridges  at  he  material  interfaces.  These 
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stress  points  cause  different  effects  in  the  rarioos  transistor 
geometries  and  close  correlation  ¥iti  calculations  based  oc  a  fuse 
type  consideration  is  not  possible  due  to  tat  effect  of  the  step 
or  ridge. 


For  Moderately  high  dose  rates  (10***  to  10**  rad(Si)/s), 
the  vori:  case  tine  duration,  produced  by  a  radiation  disturbance  in 
currently  used  Monolithic  integrated  circuits,  is  approximately  5  us 
(due  to  a  30  ns  radiation  pulse  plus  radiation- induced  storage  time 
effects) .  The  Measured  currents  required  to  burn-out  four  saetalliration 
widths  in  5  us  are  tabulated  in  Table  2-16. 


TABLE  2-16 


Interconnect  Bum-Out  Current 


(27) 


Interconnect 

Width  (Mil) 


Burn-Out 
Current  (A) 


0.44  to  0.55 


1.0  to  2.0 


0.66  2.1 

0S1  2.8 


1.42 


4.0 


The  substrate  currents  in  existing  monolithic  integrated 
circuits  at  the  above  dose  rate  levels  can  range  from  1  to  4  A  or  larger. 
Therefore,  it  appears  that  currently  used  integrated  circuits  may  be 
vulnerable  tn  catstrophic  failure.  The  reduction  of  current  carrying 
capacity  due  to  multiple  fence  crossing!'  and  other  stresses  caused  by 
manufacturing  techniques  may  raise  the  vulnerability  in  some  circuitry. 


2-96 


Figures  2-45  sod  2-46  sre  representative  current- 1 toe  plots  of 
the  measured  failure  thresholds .  These  data  are  for  the  saae 
Metallization  width,  but  the  stresses  due  to  fence  crossings  were 
different.  The  difference  in  the  curras  is  attributed  to  these 
different  stresses .  By  knowing  the  Metallization  pattern  diaensions . 
one  way  predict  where  the  burn-out  will  occur .  Circuitry  laws  state 
that  parallel  currents  add;  therefore,  the  base  Metallization  with  two 
parallel  strips  can  take  twice  as  aucn  current  as  the  emitter  Metallization 
which  has  only  one  strip.  If  the  saae  current  exists  in  both  the 
critter  and  the  base,  the  emitter  Metallization  will  suffer  burn-out 
first. 


Badiation  Incorporated  developed  an  egression  for  the  burn¬ 
out  current  for  Microsecond  tine  scales  which  predicts  a  value  2.5  tines 

(27) 

the  observed  experimental  value. 

These  studies  corsider  an  unstressed  interconnect  and  the 

differences  between  t heretical  calculations  and  Measured  data  can  well 

be  explained  if  the  interconnect  is  stressed  by  a  fence  crossing  or  a 

scratch  or  defect  in  the  material.  Failures  plotted  in  Figures  2-45  and 

2-46  occurred  at  a  stress  point .  Lockheed  has  shown  that  hot  spots 

(  28) 

fora  ac  the  point  where  an  interconnect  crosses  an  oxide  step. 

Table  2-17  lists  some  measured  power  supply  currents  for  sour* 
integrated  circuits  at  specific  dose  rates. 

2.6.4  Bonding  Mire  P-urn-Out 

Bonding  wire  burn-out  has  been  observed  in  some  cases  but  has 
generally  been  accompanied  with  chip  daiange.  At  this  writing,  it  has  not 
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FIGURE  2-45  Current  vs  Pulse  Width  Burn-Out  Thresholds 
£or  0.55  sdl  Metsllizstlon  (4  Geot  try) 


FIGURE  2-46  Current  vs  Pulse  Width  Burn-Out  Thresholds 
for  0.55  ail  Metallization  (B  Geometry) 


I 
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TABU  2-17  Integrated  Circuit  Radiation  Induced  Currents 


Ixat 

Dose  Rate 
(Rad (Si) /s) 

CA) 

*A  709 

2  to  3 

9 

2  x  10 

(Ref  26) 

DTL  932 

0.800 

1  x  1012 

(Ref  29) 

DTL  9040 

0.800 

3  x  10l° 

(Ref  30) 

*T1  911  Read 

2.5 

6  x  109 

(lef  31) 

Pre-amplifier 

♦Pailed  catastrophically  due  to  interconnect  burn-out 

in  power 

supply  line. 


been  established  whicn  occurs  first.  Intuitively,  it  would  appear 
that  the  junction  will  short  and  cause  the  bonding  wire  to  burs  out.  If 
this  is  true,  the  bonding  wire  burn-out  level  is  higher  than  the  junction 
dosage  level. 

2.6.5  Junction  Panage 

2.6. 5.1  Effects  Of  Circuit  Resistance 

The  threat  to  semiconductor  Jur  .tions  is  due  to  the  high 
photocurrent  generated  by  the  transient  radiation.  This  current  multiplied 
by  the  voltage  across  the  devices  increases  the  power  being  dissipated  in  the 
device.  If  the  power  dissipation  is  sufficient,  the  device  will  be 
destroyed.  At  very  high  dose  rates  the  phctocurrents  beccre  extremely 
high  and  may  be  limited  by  device  resistances  normally  too  jaall  to  be 
considered . 
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Use  of  the  standard  photccurrent  prediction  expressions  at 
high  dose  rate  levels  can  predict  hundreds,  thousands,  or  higher 
amperes  of  photocurrent.  While  the  validity  of  using  the  prediction 
technique  at  high  levels  say  be  questionable,  there  is  no  question 
that  large  currents  vill  flaw.  For  currents  of  this  magnitude,  circuit 
resistance  usually  considered  negligible  becomes  significant.  These 
resistances  include  such  things  as  the  resistance  per  unit  length  of 
vlre,  the  resistance  of  contacts  in  a  connector,  and  the  resistance  of 
the  ofaoxc  contact,  and  leads  in  semiconductor  components . 

Consider  the  circuit  of  Figure  2-47A.  The  resistance  is 
composed  of  all  resistance  in  the  circuit  including  the  lead  resistance 
and  interconnect  resistance  of  the  diode.  During  irradiation  the 
current  i(  y  )  will  flaw.  Two  situations  can  exist.  For  the  case 
where 


V  -  i  (y)  r  >  ~  0 


(2-17) 


reverse  bias  will  still  appear  across  the  junction  in  the  diode.  In 
this  case 


i  (  V  ) 


i 

PP 


(2-18) 


where 

i  -  primary  photocurrent. 
PP 
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FIGURE  2-47 


EquivalenC  Semiconductor  Circuits 
at  High  Dose  Rates 


i 

i 

I 
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When 


V  -  i  (  y  )  r  n»  0 


(2-19) 


reverse  bias  will  no  longer  appear  across  Che  junction.  In  this  case 
Che  current  is  limited  by  the  circuit  resistance  (r)  and 


i  ( y  ) 


V 

r 


(2-20) 


and 


i  (  Y  )  <  i  (predicted) 
PP 


(2-21) 


in  the  worst  current  limited  case  the  diode  will  forward  bias.  In  this 
case  the  equivalent  circuit  during  radiation  is  shown  in  Figure  2-47B. 

The  diode  is  now  effectively  operating  as  a  voltage  limited  current 
source  much  the  same  way  as  solar  cells  operate  under  solar  illumination. 
The  expression  for  i(  y  )  becocaes: 


i  (  Y  > 


V  +  0.7 
r 


(2-22) 


Equation  2-22  will  differ  insignificantly  from  Equation  2-20  for  source 
voltage  (V)  greater  than  approximately  10  volts. 
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2. 6. 5. 2  Typical  Circuit  and  Component  Resistances 


The  typical  resistance  of  an  Irradiated  transistor  froa  emitter 
to  collector  assuming  silicon  is  a  perfect  conductor  can  be  estimated. 
The  assisption  of  perfect  conduction  for  the  silicon  appears  reasonable. 

The  carrier  generation  rate  (g)  per  unit  of  radiation  dose 

rate  in  silicon  is  4.2  x  1C*3  electron-bole  pairs/cm3-  rad.^*  ^  The 

-4 

mean  lifetime  (  T  )  can  be  as  long  as  10  seconds,  assuming  equal 

amounts  of  N  and  P-type  material  per  device,  the  average  mobility  (  U  ) 

is  about  The  number  of  excess  carriers  (  n  )  generated  at 

.n  volt -sec 

101  rad (Si) /s  is: 


g  y  -  4.2  x  1013  <10l0) 


4.2  x  10 


23  electron-hole  pairs 


cm  •  sec 


The  conductivity  will  be: 


(2-23) 


a  *  n  e  u  t 


(4.2  x  1023)(1.6  x  10'19)(103)(10'4) 
5.7  x  10J  mhos/an 


(2-24) 


where 


e  -  charge  on  the  electron. 
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The  conductivity  of  hard  drawn  copper  at  room  temperature  is 
about  6  x  105  mhos /cm.  Therefore,  the  assumption  that  the  silicon 
approximates  a  good  conductor  on  exposure  to  1©*®  rad (Si) /s  is 
Justified.  The  above  calculation  is  worst  case,  however,  since  both 
mean  lifetimes  and  mobility  will  decrease  under  this  level  of  radiation. 
There  are  not  enough  data  available  to  consider  this  influence  on  the 
radiation  induced  conductivity  at  this  time. 

The  sources  for  resistances  which  add  to  give  the  equivalent 

(32) 

resistance  of  a  transistor  under  irradiation  are: 

.  —  40  mils  of  0.7  to  1  mil  diameter  wire 

.  Bonding  pad  (4x4  tail)  which  usually  contribute 
negligible  resistance 

Interconnect  0.01  to  0.1  ohm/square 

(This  is  a  length  dependent  problem.  Typical 

length  is  s*  10  square  therefore  0.1  -»  1  ohm) 

.  Bond  to  Junction. 

For  typical  low  power,  high  frequency  devices,  the  minimum  resistance 
will  be  in  the  range  of  0.1  to  1  ohm  for  the  collector-to-emitter 
resistance.  For  typical  power  device  the  resistance  is  approximately 
one  order  of  magnitude  lower  because  power  devices  do  not  require  the 
interconnect.  Therefore,  for  power  devices,  the  worst  case  resistance 
will  be  in  the  range  of  0.01  to  0.1  ohm. 
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A  typical  value  of  anode- to* cathode  resistance  for  an  irradiated 
diode,  assuming  silicon  is  *  perfect  conductor,  can  be  estimated  In  a  similar 
Banner.  Diode  resistances  will  vary  according  to  construction  technique 
where  the  sources  of  resistance  are  the  load  resistance  and  the  ohmic 
contacts  Bade  to  the  silicon.  Typical  diode  resistances  are  shown  in 
Table  2-18. 


TABLE  2-18  Typical  Diode  Seal conductor  Insistences 
Under  Irradiation 


Types 

fttefc 

Computer  Diode 

0.050 

Zener 

0.050 

Rectifier 

0.010 

These  resistances  can  be  assumed  constant  and  independent  of  dose  rate. 


The  resistance  of  wiring  and  connectors  inside  an  electronic 
package  can  furnish  some  current  limiting.  A  typical  electronic  package 
will  contain  several  printed  circ  :it.  cards  and  the  necessary  wiring  to 
a  connector  on  the  surface  of  the  package .  The  connector  Joins  the 
package  to  the  main  spacecraft  harness.  Where  possible,  the  wiring 
from  the  connector  is  hand-wired  to  the  printed  circuit  boards  although 
card  connectors  are  not  uncommon.  The  resistance  through  a  typical 
connector  has  been  measured  and  falls  between  0.6  nO  and  1.3  m^. 

Wiring  from  the  connector  to  a  card  will  average  approximately  1  foot 
in  length.  Unless  other  requirements  dictate  (such  as  voltage  drop), 
wiring  will  generally  be  selected  according  to  Table  2-19. 
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TABLE  2-19  Wire  Resistance 


Current 

(A) 

Gauge 

n/ft 
at  50°C 

5 

22 

0.018 

7.5 

20 

0.011 

10 

10 

0.0071 

13 

16 

0.0045 

17 

14 

0.0028 

23 

12 

0.0018 

A  path  through  a  typical  electronic  package  including  circuit  and 
converter  wiring  but  excluding  components  will  be  on  the  order  of 
20  m  0. 


The  above  discussion  indicates  that  there  will  be  no 
significant  current  limiting  due  to  inherent  device  resistances  of 
0.01  to  0.05  f)  for  currents  up  to  a  few  thousand  A  for  a  20  to  30  V 
system.  Wiring  and  connector  resistance  cannot  be  counted  on  for 
current  limiting  since  the  energy  source  may  be  connected  to  the 
threatened  device  by  only  a  few  inches  of  wire. 

2.6.5. 3  Experimental  Studies 

Experimental  studies  have  provided  some  guidelines  for  use  in 

estimating  the  power  level  required  to  cause  junction  failures  Wunsch 
(33) 

and  Bell'6  paper  provides  the  most  useful  data  for  estimating 
potential  junction  failures  as  a  result  of  currents  generated  by  a 
nuclear  weapon  environment.  They  derive  an  expression  for  the  power 
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per  unit  area  required  to  destroy  a  junction  as  a  function  of  time. 
This  expression  (Equation  2-25)  is  derived  using  a  thermal  model  which 
assumes  the  junction  is  pulsed  in  the  reverse  direction  and  all  of  the 
voltage  is  dropped  across  the  junction. 


P/A  to  [l.-lj  f* 


where 


P  ■  power  in  watts 
A  ■  junction  area 
K  *  thermal  conductivity 
p  *  density 
cp  *  specific  heat 
Tm  “  fa  lure  temperature 
■  initial  temperature 
t  *  pulse  direction  in  microseconds 


(2-25) 


Three  cases  are  considered: 

1.  Heating  from  25°  to  675°C  which  is  the  failure 

(34) 

temperatures  suggested  by  Davis  and  Gentry 
and  other  workers . 

2.  Heating  from  25°  to  the  melting  temperature  of 
silicon  of  1415°C. 

3.  Same  as  case  2  except  the  currents  are  assumed 
to  be  concentrated  in  1/10  of  the  junction  area. 
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-A 

Iqwtion  2*25  can  be  writte*  as  P/A  •  It  and  plots  as  a 
straight  line  on  log-log  paper  with  a  slope  of  -%.  These  plots  allow 
a  cooriaieat  comparison  of  devices  with  different  junction  areas. 

Figure  2*48  is  a  plot  of  the  three  cases  listed  above.  Uunsch 
and  Bell  measured  the  failure  thresholds  for  over  1200  devices  of 
approximately  80  different  types.  Transistors-  diodes,  rectifiers, 
and  zener  diodes  were  included.  The  times  utilized  were  in  the  range 
of  0.1  to  20  Iks  and  the  power  level  ranged  up  to  8  kU  per  pulse.  Most 
of  the  junctions  were  pulsed  in  the  reverse  direction  at  the  avalanche 
voltage  thus  insuring  that  all  of  the  voltage  was  dropped  across  the 
junction. 


Figures  2-49  through  2-52  are  data  on  diodes.  Some  junctions 
were  pulsed  in  the  forward  direction  and  were  found  to  require  more 
power  for  destruction.  Some  of  the  transistors  were  pulsed  from 
collector-to-emitter  and  found  to  burn-out  at  about  the  same  level 
as  if  the  emitter-ba*,e  were  pulsed.  Intuitively,  this  would  be 
expected  since  the  collector-base  junction  is  ouch  larger  than  the 
emitter-base  junction.  Therefore,  it  makes  no  difference  whether  the 
emitter- base  or  collector-emitter  base  terminals  are  pulse.  Uunsch 
and  Bell's  data  doc;  not  substantiate  this,  however,  since  they  found 
that  either  one  or  both  junctions  burned-out  in  devices  pulsed 
collector-to-emitter . 

Figures  2-53  and  2-54  show  data  on  forward  pulsing  of  devices 
and  collector-emitter  pulsing.  The  emitter-base  junction  was  used  for 
most  of  the  measurements.  Uunsch  and  Bell  concluded  that  the  predominant 
failure  mode,  for  these  ^s  and  sub  us  pulses,  is  localized  melting  across 
the  junction.  The  melted  regions  form  resistive  paths  acorss  the 
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FIGURE  2-48  Theoretic*!  Failure  Curves  for  Silicon  . 

Junctions  for  Inverse  Polarity  Voltages 


FIGURE  2-49  Experimental  Data  Points  for  Failure  of  the 
Anode-Cathode  Junction  of  a  MC-357  Diode 
for  Reverse  Polarity  Voltage  Pulses. '•33> 
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FI  GUM  2-30  Experimental  Data  Foists  for  Failure  of  tie  Anode- 

Cathode  Junction  of  1M459  diode  for  Keve.se 
Polarity  Voltage  Pulses '^3} 


pi  i  i  10  ’oo 


FIGURE  ?-5i  Experimental  Data  Points  for  Pailure  of  the  Anode- 
Cathode  Junction  of  a  1N482A  Diode  for  Reverse 
Polarity  Voltage  Pulses. (33) 
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¥ICfT~i  2-52  Experiment  -s  i  Data  Points  for  Failure  of  the  Anode- 
Cathode  Junction  of  a  1E1Q95*  Diode  for  Reverse 
Polarity  Voltage  Pulses,  '33' 
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FIGURE  2-53  Experimental  Data  Points  for  Failure  of  the  Base 
Emitter  Junction  of  a  2N2222  Transistor  for  ,  . 

Forward  and  Reverse  Polarity  Voltage  Pulses.'*  ' 
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FI  GUM  2-54 


Experimental  Data  Points  for  Failure  of  the  Base- 
Emitter  and  Collector-Emitter  Junctions  of  a 
2H1132  Transistor  for  Forward  and  Severse 
Polarity  Voltage  Pulses. ^3) 


FIGURE  2-55  Experimental  Data  Points  for  Failure  of  th>  Base- 
Emitter  Junction  of  a  2N699  Transistor  for 
Reverse  Polarity  Voltage  Pulses. '33) 


junction  which  shorts  oat  or  stikt  say  other  junction  action,  this 
conclusir-n  was  based  on  examination  of  seme  of  ths  samples  which 
railed  where  the  damage  was  evident.  It  appeared  that  localized 
aslting  oad  occurred.  In  some  devices  sufficient  Kiting  had  taken 
place  that  a  £l«*w  of  melted  silicon  could  be  observed ,  In  an  actual 
system  the  Junctions  will  normally  not  be  subjected  to  avalanche 
voltages  but  the  junctions  will  be  ?*»ck  bias  id.  Radiation  effectively 
increases  the  conductivity  of  the  silicon  to  that  of  a  good  conductor 
and  the  bias  voltage  will  be  dropped  entirely  across  tt>c  Junction. 

Figures  2-55  and  2-56  are  additional  data. 

Figures  2-49  through  2-54  provide  good  guidelines  for  assessing 
junction  failure  potential.  Figure  2-49  is  illustrative  of  integrated 
circuit  devices.  Figures  2-50,  2-51  and  2-52  are  representative  of 
low  level  rectifiers  or  switching  diodes.  Figures  2-53  and  2-54 
are  representative  of  NPN  and  PNP  low  power  transistor  respectively. 

Figures  2-55  and  2-56  are  representative  of  medium  paver  transistors. 

Note  that  these  curves  are  plotted  with  ai  ordinate  expressed  in  watts 
so  that  Junction  area  is  not  specified.  I'igures  2-57  and  2-58  are 
plots  of  power  failure  thresholds  per  unit  area  for  diodes  and  transistors. 
The  important  point  to  note  is  that  most  of  the  failure  points  lie 
within  the  worst  case  limits .defined  in  Figure  2-43. 

Figures  2-49  through  2-56  can  be  used  to  estimate  the  power 
level  failure  threshold  for  other  device  types  by  scaling  the  data  to 
the  power  ratings  of  the  devices  without  knowing  the  junction  area. 

Figures  2-57  and  2-58  indicate  relatively  consistent  results  by 
considering  the  power  per  unit  area  to  cause  burn-out.  The  power  rating 
of  a  transistor  is  proportional  to  the  junction  area  as  indicated  in 
Figure  2-59.  Therefore,  order  of  magnitude  estimates  can  be  made  on 
other  device  types  by  linear  extrapolation  of  the  data  in  Figures  2-49 
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F1G0BE  2*56  SsptrlMnUl  Data  Points  for  Failure  of  the  Base- 
Emitter  Junction  of  a  ZH498  Transistor  for 
Reverse  Polarity  Voltage  Pulses.  ^3) 
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FIGURE  2' 57  A  Composite  of  Bxperiaental  Data  Points  for  the  Failure 

of  the  Anode-Cathode  Junction  for  Six  Diodes.  Inter- 
coaparlson  is  Made  By  Plotting  Power  Per  Unit  Area  vs 
Pulse  Duration. ..Also  shown  are  the  theoretical 
failure  curves.  ' 
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FIGURE  2-58  A  Composite  of  Experimental  Data  Foints  for  the  Failure 
of  the  Base-Emitter  Junction  for  Eight  Transistors. 
Intercomparison  is  Hade  by  Plotting  Power  Per  Unit 
Area  vs  Pulse  Duration,  Also  shown  are  the 
theoretical  failure  curves. (33) 
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FIGURE  2-59  Transistor  Power  Rating  vs  Collector-Base  Junction  Area 


through  2-56  to  other  power  retinge.  For  example,  the  date  on  the  4  watt 
2H498  transistor  in  Figure  2-56  indicates  a  failure  threshold  of  about 
850  watts  at  1  Its.  If  a  20  watt  device  is  considered,  the  power 
required  for  burn-out  would  be  approximately  5  times  the  watt  value 
(i.e.,  4250  watts  a  1  t&s) . 


t 


A  similar  rationale  can  be  established  for  diodes.  Figure  2-60 
illustrates  the  average  forward  rectified  current  rating  (Iq)  as 
a  function  of  junction  area.  Therefore,  the  diode  data  can  be  extrapolated 
on  the  basis  of  the  diode  Iq  rating. 


Figure  2-61  illustrates  diode  data  where  the  diodes  did  not 
fail  due  to  insufficient  pulse  power  to  burn  out  the  devices.  The 
striking  point  Is  that  when  power  per  unit  area  is  considered,  most 
of  the  points  fall  on  the  safe  side  of  the  theoretical  failure. 


Figure  2-63  is  a  comparison  of  Wunsch  and  Bell's  data  with 

(34) 

Davis  and  Gentry's  curves  for  the  2N2222  transistor.  Davis  and  Gentry 
considered  longer  duration  pulses  than  tfunsch  ead  Bell  in  their  work.  There 
is  general  agreement  for  over  five  orders  of  magnitude  in  pulse  duration. 
Figure  2-63  is  a  plot  of  the  average  of  the  constants  of  the  lines 
for  Figure  2-49  through  2-56  wheu  converted  to  a  power  per  unit  area 
basis.  The  equations  for  these  lines  are: 


All  devices 

P/A 

-  480 

(2-26) 

Transistors 

P/A 

-  310 

«-* 

(2-27) 

Diodes 

P/A 

-  560 

«-* 

(2-28) 
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FIGURE  2-60  Diode  Forward  Current  Rating  va  Junction  Area 
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FIGURE  2*61  A  Composite  of  Experimental  Data  Points  for  which  No 
Failure  was  Achieved  for  the  Anode-Cathode  Junction 
for  Ten  Large  Area  Diodes.  Intercomparison  is  made 
by  Plotting  Power  per  Unit  Area  vs  Pulse  Duration. 
Also  shown  are  the  theoretical  failure  curves. 
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FIGURE  2-62  Plots  of  the  Semi-Empirical  Failure  Equations 
Obtained  from  Theory  and  the  Experimental 
Data  Points. 
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FIGURE  2-63 


A  Comparison  of  Experimental  Data  Points  for  a  2N2222  , . 

Transistor  and  Points  from  a  Paper  by  Davis  and  Gentry. 
Also  shown  are  the  theoretical  failure  curves  from  this 
paper  and  the  curve  by  Davis  and  Gentry. 03) 
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These  averages  lie  very  close  together  and  are  about  midway 
between  the  worst  case  limits.  These  expressions  can  be  used  to 
estimate  failure  loads  within  at  least  an  order  of  magnitude  for  anst 
diodes  and  transistors.  The  only  piece  of  information  required  is  the 
Junction  area  or, as  discussed,  the  power  rating. 

2. 6. 5.4  Theoretical  Studies 

An  approach  to  the  problem  for  transistors  was  considered  by 
(35) 

Marshall  where  the  thermal  parameters  of  the  dr/ice  were  used  to 
predict  device  burn-out. 

The  allowable  peak  power  dissipation  of  a  transistor  junction 
can  be  calculated  if  the  thermal  resistances  and  the  thermal  time 
constants  of  the  device  are  known.  The  equivalent  thermal  circuit 
of  any  transistor  is  shown  in  Figure  2-64.  The  total  thermal  junction- 
to-air  resistance  is: 


+ 


+ 


(2-29) 


The  steady-state  or  dc  Junction  temperature  can  be  calculated  as: 


TJ  •  pD  + 


(2-30) 


where  Pn  is  the  steady-st^te  power  dissipated  in  the  transistor, 


P  »  1  V  +  i  v 

D  B  BE  C  CE 


(2-31) 
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FIGURE  2-64  Thermal  Equivalent  Circuit: 


81132-81 


Tj  ®JC  TC 


FIGURE  2-65  Simplified  Equivalent  Circuit 
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If  the  maximua  allowable  junction  temperature  (  Tj  )  is  specified,  the 
maximum  allowable  dc  power  is  given  by: 

PD  (max)  »  (  Tj  (max)  -  )  /  0JA  (2-31) 

The  equations  are  somewhat  more  complex  for  the  transient  case  because 
the  pulse  power  dissipation  depends  on  the  thermal  capacitance  as  well 
as  the  thermal  resistance.  The  expected  repetition  rate  of  transient 
radiation  pulses  is  extremely  low.  The  following  equations  will, 
therefore,  assume  a  single  rectangular  power  pulse  of  width  (tp) .  It 
will  also  be  assumed  that  the  transistor  case  is  attached  to  an 
infinite  heat  sink;  i.e.,  the  case  temperature  is  equal  to  the  ambient 
temperature.  The  resulting  equivalent  circuit  is  shown  in  Figure  2-65. 

With  these  assumptions,  the  junction  temperature  at  the  end  of  the  pulse 
is: 

h  •  Tc  +  PP  9JC  ['  ■  <2-“i 

where  Pp  is  the  pulse  power  and  Tj^  is  the  junction-to-case  thermal 
time  constant,  and  is  equal  to  0j£  x  Gjj.  The  term£l-e.;  (“tp/Tjc^J 
is  referred  to  by  manufacturers  as  the  transistor  coefficient  of  power, 

CPJC* 

If  exp(-tp/Tj£)  is  expanded  into  a  power  series,  the  following 
result  is  obtained: 
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2 


(2-33) 


If  tp  is  much  smaller  than  Tjg  ,  the  high-order  terms  in  the  series 
are  insignificant  and  exp  (-tp/Tjg)  can  be  approximated  by  1  -  tp/Tjg. 
Therefore: 


tp/TJC 


(for  t 


«  TJC  > 


(2-34) 


When  this  expression  is  substituted  in  Equation  2-32,  the  following 
expression  for  junction  temperature  is  obtained: 


T. 

j 


(2-35) 


The  peak  power  which  can  be  dissipated  in  the  junction  is  therefore 


P 


P 


(Tj  (max)  - 


TC> 


'JC 


(2-36) 
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The  tht  -ml  resistance  (  )  can  be  measured  or  calculated 

from  the  data  give,  on  transistor  specification  sheets.  The  maximum 
allowable  junction  temperature  should  be  selected  to  meet  the  device 
application  requirements.  Thermal  time  constants  were  measured  for 
integrated  circuit  transistors  m  flat  pack,  TO-5  cans,  and  dual-in¬ 
line  packages.  It  was  found  that  at  least  three  superimposed  time 
constants  were  involved  for  each  package  type.  The  shortest  measured 
time  constant  of  signficance  was  found  to  be  1  ms.  This  value  agrees 
quite  well  with  the  values  reported  in  the  literature  for  transistors 
in  TO-5  ca is.. 


The  maximum  power  dissipations  and  thermal  resistances  for 
2N708  and  2N709  transistors  mounted  in  TO-5  cans  are  given  in  Table  2-20. 
The  2N708  and  2N709  transistors  have  characteristics  which  are  similar 
to  transistors  which  are  used  in  modem  integrated  circuits. 


TABLE  2-20 


Transistor 


Thermal  Characteristics 


(35) 


2N708  480°c/w  360  mw 

2N709  585°c/w  300  raw 


150°c/w  1.2  w 

200°c/w  0.5  w 


The  values  in  Table  2- 20  were  used  to  calculate  the  allowable 

peak  power  dissipation  for  these  transistors  for  various  values  of  t 

amd  tt„  for  which  t  /tt„  <  0.1.  These  data  are  plotted  in  Figure  2-66. 
JO  p  J  w 


2-125 


PEAK  POWER  <W> 
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It  is  immediately  apparent  that,  for  radiation  pulse  widths  of 
1  Us  or  less,  the  allowable  peak  power  dissipation  is  greater  than  100  watts 
even  for  short  thermal  time  constants. 


If  the  results  for  the  2N708  for  a  <fjC  *  1  its  are  plotted 
on  a  figure  such  as  2-53,  the  resulting  line  is  a  reasonably 
good  fit  for  the  forward  pulsed  data.  Intuitively,  this  might  be 
expected  since  in  the  forward  pulsed  condition  and  in  the  condition 
where  the  thermal  parameters  are  defined,  the  device  bulk  properties 
have  more  effect  than  in  the  case  where  the  bulk  properties  can 
effectively  be  removed  either  by  radiation  or  by  avalanche  pulsing. 


2. 6. 5. 5  Radiation  Studies 


Twenty  devices  were  tested  at  the  Hughes  Linear  Accelerator 
for  catastrophic  failure  due  to  excessive  secondary  photocurrent  (^pp2^ • 
The  circuit  used  for  measuring  1^2  *s  shown  in  Figure  2-67.  The 
base  lead  was  left  open  so  that  all  the  primary  photocurrent  (ipp  ) 
nould  generate  secondary  photocurrent. 


(36) 


A  plot  of  the  pulse  width  (of  the  radiation  pulse)  versus 
the  power  (watts)  generated  by  the  secondary  photocurrent  is  shown  in 
Figure  2-68  for  those  transistors  that  suffered  catastrophic  failure. 


The  dose  rate  failure  modes  of  the  transistors  that  suffered 
catastrophic  failure  are  analyzed  in  Table  2-21.  Comparing  these  data 
with  that  in  Figure  2-56  indicates  a  reasonable  correlation  between 
the  radiation-induced  burn-out  and  the  electrical  bench  testing  at  the 
avalanche  voltage. 
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FIGURE  2-68  Power  Dissipation  vs  Pulse  Width  for  Radiation  Induced  Burn-Out 
for  Various  Transistors 
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TABLE  2-21  Device  Failure  Modes  Dee 
Tc  Dose  Kate  Effects 


Transistor  Y  t  1  Power  Dose  Sate  Failure  Mode* 

Type  1010  rad  (Si)  /x  fcs)  <A)  (Watts)  1  2  3  4  5  6  7 


2M2270* 

3 

6 

20 

560 

X 

2M22702 

3 

6 

20 

560 

X 

2H22703 

3 

6 

2C 

560 

X 

2H37333 

3 

6 

9 

252 

X 

X 

X 

2M37334 

3 

6 

14 

392 

X 

2N37335 

3 

6 

14 

392 

X 

2H37337 

3 

4 

9 

252 

X 

X 

2K40123 

3 

6 

9 

252 

X 

2M40124 

2 

6 

4 

112 

X 

X 

2N40125 

3 

6 

6 

196 

X 

2H41281 

3 

6 

18 

504 

X 

2N41285 

3 

6 

20 

560 

X 

3TE2251 

3 

3 

38 

1064 

X 

3TE2252 

1.2 

c-C 

37 

1036 

X 

3TE2253 

6 

0.15 

15 

£20 

X 

3TE4403 

3 

0.6 

35 

980 

X 

PT2917* 

1.4 

6 

120 

3360 

•% 

PT29172 

2 

1 

120 

3360 

TA70361 

3 

6 

20 

560 

X 

TA7Q362 

3 

6 

19 

53. 

X 

*  See  neat  page  for  dose  rate  failure  node  definition 
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Definition  of  Transistor  Pal lore  Modes  for  Table  2*21 

1  Bo  sustained  daaage 

2  Base  lead  burned  off  at  chip 

3  Imtter  lead  burned  through  between  post  and  chip 

4  Too  nch  carbon  on  chip  to  analyse  daaage 

5  Internal  open,  potted  construction  prevents 
further  analysis 

6  Ceraaic  header  loose  fron  heat  sink 

7  Chip  shorted  eaitter  to  collector 
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Figure  2-69  illustrates  an  important  concept.  The  Hughes 
electrical  test  data  on  the  2H2222  is  plotted  along  with  Uunsch  and 
Bel  At  data  extrapolated.  The  Hughes  data  was  taken  by  pulsing  the 
transistor  base  and  allowing  unlimited  collector-emitter  current  to 
flow.  The  collector  voltages  were  kept  below  the  msximimi  ratings  on  the 
Hughes  data.  The  important  point  is  that  a  much  higher  (order  of 
magnitude  approximately)  power  level  was  required  to  burn-out  the  transistors 
for  this  case  as  opposed  to  the  avalanche  condition.  If  the  assumption 
that  avalanche  and  radiation  are  identical  with  respect  to  burn-out 
potential,  then  these  data  illustrate  the  potential  vulnerability  to 
radiation  induced  catastrophic  failure  of  transistors  which  normally 
would  be  working  below  the  failure  threshold. 

Figures  2-70  and  2-71  illustrate  some  Hughes  generated 
electrical  test  data  on  integrated  circuit  transistor  kit  parts 
consisting  of  transistors  and  interconnect  mounted  on  a  header. 

There  are  five  col lectc. -base  geometries  (A  through  E) .  The 
Junctions  (emitter  base  and  collector  base)  were  pulsed  in  the 
forward  direction.  An  attempt  was  made  to  establish  which  Junction 
(E-B  or  C-B)  will  burn-out  first.  The  burn-out  dependence  on  area 
was  also  studied.  As  indicated  in  Figure  2-70,  the  data  spread  dlu  not 
allow  eitaer  determination  to  be  made.  Figure  2-71  is  the  data  plotted 
in  power  per  unit  area  with  Uunsch  and  Bell's  limit  drown  for  reference. 
Many  of  the  devices  lay  outside  these  Halts  which  is  understandable 
since  most  of  these  are  emitter-base  junctions  and  the  p  vcr  per  unit 
area  is  determined  by  dividing  a  relatively  large  number  by  a  very  small 
one.  The  small  number  has  a  large  error  associated  with  its  determination. 

An  additional  variable  in  these  data  is  that  interconnect  burn-out 
is  also  evident.  The  only  information  to  be  gleaned  from  these 
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FIGURE  2-69  Comparison  of  Wursch  and  Bell  and  Hughes  Radiation  Induced 


^  ■VRCt.ILD  IC'» 
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Comparison  of  Wursch  &  Bell's  and  Hughes  Electrical  Burn-Out  Data  for  IC  Hit  Parts 


data  is  that  they  are  representative  cf  whit  happens  in  integrated  circuit 
transistors,  but  the  various  failure  modes  are  not  separable.  The  data 
is  in  the  same  general  power  level  area  as  Wunsch  and  Bell's  data  shown 
in  Figures  2-54  through  2-63. 

2.7  MOSFET's 

MOSFET's  and  integrated  MOSFET  arrays  are  particularly 
attractive  for  employment  in  space  systems  because  of  cheir  low  power 
requirements  and  th»;ir  law  weight  per  function.  They  are,  however, 
very  susceptible  to  permanent  damage  at  very  low  integrated  radiation 
doses  (games  and/or  space  electron  radiation).  The  threshold  for 

A 

permanent  damage  for  most  currently  available  MOSFET's  is  ~  10  rad(Si). 

Shielding  can  be  employed  to  reduce  the  radiation  dose  to  acceptable 

levels  if  necessary.  Of  course  there  is  a  weight  penalty  to  consider 

when  using  shielding,  especially  in  space  systems.  Gate-turn-on-voltage 

(VT)  is  the  parameter  most  affected  by  radiation.  Vx  usually  becomes 

5  (38) 

more  negative  and  can  exceed  -10  V  at  10  rad(Sl). 

MOSFET's  are  not  significantly  affected  by  neutron  irradiation. 

No  significant  changes  in  electrical  parameters  have  been  observed  at  neutron 
doses  up  to  2  x  10*^  n/cm^  (E  >  10  keV) . 

As  in  the  case  of  other  semiconductors,  MOSFET's  are  affected  by 
transient  ionizing  radiation  causing  the  generation  of  junction  photocurrents 
Radiation- induced  electrical  transients  may  cause  permanent  damage  (burn-out) 
Transient  effects  on  MOSFET's  and  system  considerations  are: 

.  A  drain- to- source  substrate  photocurrent  is 
exhibited 

.  Secondary  photocurrents  are  not  present 
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There  are  no  radiation  storage  tine  effects  analogous 
to  those  in  bipolar  transistors.  However ,  long  decay 
tines  which  are  a  function  of  the  high  gate  impedance 
have  been  observed  after  the  radiation  pulse  terminates. 

Currently  available  circuits  which  use  HOSPKT * s  as 
resistors  may  have  radiation- induced  short  circuit 
paths . 

Punch  through  of  the  gate  insulation  under  irradiation 
does  not  pose  a  threat  if  diode  limiters  are 
fabricated  as  part  of  the  circuit. 

On  large  integrated  arrays,  the  drain- substrate 
photocurrents  become  significant  and  approach  the 
same  order  of  magnitude  as  the  photocurrents 
observed  for  monolithic  integrated  circuits  with 
comparable  geometry.  Therefore,  for  power  supply 
leads  and  other  interconnections , burn-out  is  a  threat. 

There  appears  to  be  no  PNPN  latch-up  mechanism 
in  MOSFET  arrays . 

State-of-the-art  devices  with  silicon-on-sapphire 
''ons  traction  and  short  carrier  lifetimes  may  have 
less  photocurrent  by  two  orders  of  magnitude  than 
equal  geometry  bipolar  devices.  Radiation- induced 
short  circuit  paths  may  •  eliminated  and  the  damage 
threshold  sould  be  improved.  However,  these  devices 
are  not  currently  available  in  quantity. 
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Shielding  should  be  provided  against  normal  space 
radiation  to  insure  mission  completion . 


.  Current  limiting  resistors  should  be  provided  to 
prevent  burn-out. 

Examination  of  the  above  summary  indicates  that  the  radiation 
threat  to  MOSFET's  reduces  to  catastrophic  burn-out  of  power  supply  or 
circuit  Interconnections  as  a  result  of  large  radiation- Induced 
transient  currents.  The  threat  to  the  power  subsystem  will  be  due  to 
the  substrate  currents  as  in  the  case  of  monolithic  integrated  circuits . 

2.8  Silisgq  Cffltrgl]^,. Resting 

Silicon  controlled  rectifiers  (SCR's)  are  four-layer  semiconductor 
devices  which  regenerate  and  switch  upon  application  of  an  input  pulse. 
After  removal  of  the  input,  the  devices  remain  in  the  switched  state. 

Like  most  semiconductor  devices,  SCR's  are  sensitive  to  ionizing 
radiation.  Radiation  generates  a  photccurront  within  the  device.  If 
this  photocurrent  is  above  a  certain  threshold  level,  then  the  SCR 
switches  and  changes  its  output  voltage  and  current  states.  Radiation 
switching  thresholds  vary  over  a  range  of  at  least  four  orders  of  magnitude 
(10,000:1)  for  available  SCR  types  and  typical  circuit  design  techniques. 

Of  particular  interest  to  the  designer  are  the  worst-case  radiation 
threshold* ,  below  which  switching  will  never  occur. 

(39) 

It  has  been  found  that  the  transient  radiation  switching 

thresholds  (critical  radiation  exposure  rate)  for  SCR's  are  functions 
of  the  radiation-pulse  width.  For  pulse  widths  greater  than  a  critical 
value,  the  exposure  rate  required  to  trigger  an  SCR  becomes  constant. 
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This  critical  value  is  a  function  of  the  device  minority-carrier  lifetime 
and  device  "turn  on"  delay  time.  For  pulse  widths  less  than  the  critical 
value,  the  exposure  rate  required  to  trigger  an  SCR  increases  rapidly  as 
the  pulse  width  approaches  zero.  The  dependence  of  the  switching 
threshold  of  a  2N3027  SCR  on  pulse  widths  and  radiation  exposure  dose 
rate  can  be  seen  in  Figure  2-72.  The  critical  pulse  width  for  this 
device  is  approximately  1.3  us. 

The  transient  radiation  switching  theshold  of  particular  SCR's, 

in  most  circuits,  can  be  approximated  by  electrical  measurements.  Studies 
(38  39) 

show  ’  'that  strong  correlations  exist  between  radiation- induced  and 
electrically  induced  SCR  switching.  Strong  relationships  have  been 
shown,  for  a  limited  number  of  SCR's,  between  threshold  radiation-exposure 
rates  (  Y-j  )  and  radiation- induced  threshold  currents  (  Iy^)j  and  between 
IYt  and  electrically  induced  threshold  gate  currents  (  IqT  ) .  These 
relationships  have  been  simplified  for  presentation.  At  this  time,  these 
simplified  relationships  are  estimated  to  have  general  validity  within 
a  factor  of  four  (adequate  for  many  predictions)  if  the  radiation 
predictions  are  performed,  with  respect  to  electrical  measurements  as 
outlined  below. 


The  general  SCR  circuit  applicable  for  radiation-threshold 

predictions  for  a  particular  radiation  pulse  width  (  t  )  is  shown  in 

px 

Figure  2-73.  Using  this  circuit,  the  following  electrical  parameters 
must  be  determined: 


IGT1 

IGTX 


V 


GT1 


gate  threshold 


current  at  t 

P 


1  us 


gate  threshold 

(t  -  t  ) 

P  px 

gate  thn  shold 


current  at  pulse  width  of  interest 

voltage  at  t  ■  1  US 
P 
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In  addition  to  the  above  data,  the  switching  time,  t'  ,  of  the  particular 

SCR  oust  be  determined.  The  circuit  in  Figure  2-74  aust  be  used  for  the 

t'  measurement.  The  empirically  determined  correlation  between  the 
s 

radiation- induced  ionization  current,  IY^,  (for  a  1  its  pulse  width)  and 
the  switching  time  t^  is  shown  in  Figure  2-75.  Using  this  correlation 
the  following  formula  for  the  threshold  radiation  exposure  rate  can  be 
derived: 


(106)  1 


GTX 


1  + 


GT1 


1GT1ZS 


GT1 


GG 


iaafg- 


1.1  -  0.15/t 


px 


/  -t  /0.15\  I 

(1-PX  )] 


(2-37) 


where  t  is  the  radiation  pulse  width  of  interest  measured  in  microseconds, 
px 

Equation  2-37  is  valid  if  the  anode  supply  voltage  is  less  than  one-half 

the  SCR  breakover  voltage  and  the  parallel  combination  of  the  gate 
impedance  Zg  and  the  source  impedance  ( Zg )  is  greater  than  500  ohms . 

Equation  2-37  will  give  the  mean  threshold  exposure  rate.  If  worse-case 
prediction  is  required  then  y[j  should  be  divided  by  four. 

Figure  2-76  illustrates  some  SCR  parameters  as  a  function  of 

neutron  dose.  Gate  turn-on  voltage  (V^) ,  gate  turn-on  current  (Igy) , 

and  holding  current-  (IH>  increase  with  increasing  neutron  dose.  The 

holding  current  increase  is  actually  an  advantage  in  the  circuit  of 

interest  because  it  accelerates  turn-off.  SCR's  will  be  usable  at 

13  2 

doses  greater  than  10  '  n/cm  . 
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FICURE  2-74  t*  Measurenent  Circuit  and  tfaveforas 
«> 
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it  l  jo 


i 
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FIGURE  2-76  Neutron  Dose  Effects  on  Various  SCR  Parameters 


If  SCR  circuitry  is  to  be  used  in  s  dc  system.  the  SCR  should 
be  used  with  *  current  Halted  newer  source.  An  acceptable  circuit  is 
illustrated  in  Figure  2-77 .  The  capacitor  (C)  is  charged  through  Q, , 
and  the  SCR  is  triggered  by  a  short  pulse.  The  only  current  source 
for  the  SCR  is  C,  which  discharges  rapidly.  The  SCR  will  turn-off 
when  the  current  supplied  by  C  falls  below  the  holding  current.  Under 
irradiation,  the  SCR  and  will  turn-on.  Q.  attempts  to  charge  C 
while  the  SCR  discharges  C.  The  discharge  tine  constant  is  much 
shorter  than  the  charge  time  constant;  therefore,  the  SCR  will  not 
stay  on  for  any  prolonged  time  due  to  radiation.  also  helps 
discharge  C  under  irradiat'-on. 

2.9  Solar  Cells  (See  Classified  Supplement  -  Section  2.9) 

2.10  Other  Components 

Most  other  electronic  piece  parts  used  in  space  power  subsystems 
will  not  limit  system  survivability.  Damage  due  to  neutrons  and  gamma 
rays  should  be  negligible  when  compared  to  minority  carrier  semiconductor 
effects.  Electronic  materials  and  parts  which  are  considered  hard  are: 


trans formers 

chokes 

TWT's 

cables 

wiring 

batteries 

motors 

connectors 

strip  lines 

fuel  (hydrozine) 
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2-77  SCR  Current  Limiting  Circuitry 


.  passive  microwave  parts  (mixers,  hybrids,  switches) 

,  structural  materials  (metals,  organics,  see  Section  3.0) 

Quartz  crystals  may  experience  some  degradation  at  moderate  gamma  dose 
levels.  A  permanent  change  of  approximately  13  Hz  is  expected  for  a 
130  MHz  crystal  at  a  dose  of  5000  rad(Si).  The  Q  decreases  by  a  factor 
of  2  to  4  for  a  dose  of  2  x  10^  rad (Si),  but  it  recovers  in  a  few 
minutes  after  the  pulse  terminates. 
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3.0 


MATERIAL  EFFECTS 


3- 1  Mechanisms 

3. 1. 1  Atomic  Displacements 

The  most  characteristic  effect  of  high  energy  radiation  i'; 
materials  is  the  production  of  displaced  atoms.  This  effect  is 
associated  with  the  neutron  component  of  the  nuclear  weapon  environ¬ 
ment.  These  atoms  are  formed  when  an  incident  high  energy  particle 
transfers  sufficient  energy  to  an  atom  of  the  solid  to  literally  knock 
it  out  of  its  lattice  position.  This  energetic  atom,  termed  the  primary 
knock-on,  can  in  turn  displace  other  atoms  in  the  solid,  so  that  a 
cascade  of  displaced  atoms  can  result.  There  will  occur  in  the  material, 
therefore,  regions  in  which  the  normal  crystal  structure  is  disordered. 
The  sensitivity  of  a  given  material  to  neutrons,  then  is  associated 
with  the  presence  of  these  disordered  regions  and  to  the  extent  to 
which  they  affect  a  particular  material  or  physical  property. 

3.1.2  Atomic  Ionization 

A  second  characteristic  effect  that  occurs  in  materials  ex¬ 
posed  to  high  energy  radiation  is  the  excitation  and  ionization  of 
atomic  electrons.  This  can  occur  simultaneously  with  the  production 
of  atomic  displacements,  or  it  can  occur  as  the  predominant  effect  in 
a  mater ,al.  Generally,  the  effect  of  ionization  is  to  be  associated 
with  the  gamma  or  x-ray  radiation  component  of  the  nuclear  weapon. 

The  extent  to  which  ionization  or  displacement  production  dominates  for 
the  total  weapon  environment  depends  upon  the  material  itself,  thst 
is,  whether  it  is  a  non-metallic  inorganic,  an  organic,  or  a  metallic 
subs  tance . 
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3.1.3 


Thermomechanical  Effects 


A  third  effect  that  can  occur  in  the  nuclear  weapon  environ¬ 
ment  is  associated  with  the  x-ray  component  of  the  nuclear  weapon.  This 
effect,  unlike  the  two  effects  discussed  above,  is  best  thought  of  as 
a  bulk,  rather  than  an  atomic  effect.  It  occurs  when  the  energy  deposi¬ 
tion  is  such  as  to  heat  the  material  significantly  on  a  time  scale  of 
the  order  of  the  radiation  exposure. 

3.2  Organics 

The  clan  of  organic  materials  is  a  large  one  and  includes 
elastomers,  plastics,  and  organic  fluids.  As  a  general  rule  radiation 
effects  in  this  class  of  material  are  associated  with  the  ionizing 
effect  of  high  energy  radiation  whether  this  results  from  gamma  rays, 
x-rays,  or  indirectly  from  neutrons. 

Ttiese  materials  can  be  divided  into  two  commonly  occurring 
classes.  The  first  consisting  of  long  chains  of  repeating  units  with 
a  molecular  weight  exceeding  10^.  These  are  essentially  one  dimensional 
molecules.  Examples  of  long  chain  molecules  are  polyethylene,  rubber, 
Teflon,  and  cellulose.  The  second  is  a  class  consisting  of  a  three 
dimensional  network  of  polymers  that  can  be  thought  of  as  one  giant 
molecule.  Three  dimensional  network  type  materials  are  urea  formaldehyde, 
pheno 1- forma ldehyde,  and  vulcanized  rubber. 

The  sensitivity  to  radiation  of  the  polymer  comes  from  radia¬ 
tion  induced  breakage  of  one  bond  in  a  polymer  consisting  of  10^  bonds 
or  radiation  induced  cross  linking.  This  will  double  or  halve  the 
molecular  weight  which  in  turn  can  alter  the  important  physical 
properties  such  as  viscosity,  elasticity,  and  solubility.  In  addition 
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to  these  physical  changes,  gas  evolution  can  also  occur  in  some 
polymeric  materials  as  a  result  of  radiation  exposure. 

3.2.1  Elastomers 

In  the  case  of  these  polymers  it  should  be  realized  that  the 
recipes  for  specific  types  can  vary  in  their  composition  and  that 
correspondingly,  the  response  to  radiation  can  be  somewhat  different. 

The  elastomers  generally  are  stable  to  radiation  up  to 

10^  rad(C)  with  natural  rubber  being  among  the  best  since  it  is 

unaffected  by  radiation  up  to  about  2  x  10 ^  rad(C).  Above  this  there 

is  a  tendency  towards  decreased  elasticity  and  increased  hardness. 

7 

A  decrease  in  tensile  strength  is  not  observed  until  about  2  x  10  rad(C). 

Polyurethane  rubbers  are  the  most  radiation  tolerant  with  a 
threshold  at  about  9  x  10  rad(C).  A  degradation  of  about  2531  at  an 
exposure  of  4  x  10^  rad  can  be  expected.  Vacuum  irradiation  has 
about  the  same  effect  as  air  irradiation.  Combined  radiation  and 
temperature  effects  up  to  260°F  are  the  same  as  for  radiation  alone 
with  respect  to  tensile  strength.  Cure  and  filler  are  important, 
however,  in  determining  exact  radiation  tolerance  of  this  class  of 
rubber.  It  was  found ^  1  \  for  example,  that  Estane  VC  cured  with 
dicumyl  peroxide  was  the  most  radiation  resistant  compound  tv '•.ted. 

Adiprene  C,  reinforced  with  carbon-black  and  sulfur  cured,  on  the  other 
hand,  showed  poor  resistance  to  radiation. 

Butyl  rubber  is  the  least  stable  to  radiation.  Tensile  strength 

6  /  o  \ 

and  elongation  are  degraded  25%  at  about  4  x  10  rad(C)'  ' . 

Neoprene  varies  in  its  response  to  radiation,  depending  upon 
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Che  type  of  polymer,  cure  -and  additives;  in  general  tensile  strength 

c'icreases  for  radiation  exposure  in  the  range  of  4  to  9  x  10  rad(C) 

‘no  then  increases  again  with  increasing  exposure.  Data  obtained  on 

the  effects  of  vacuum  irradiation  are  in  conflict.  The  results  of 
(  3  ) 

Kerlin  indicated  that  combined  vacuum-gamma  radiation  effects 

were  more  severe  than  irradiation  in  air.  At  2  x  10  rad(C),  the 

tensile  strength  for  vacuum-gaoma  irradiated  samples  decreased  from 

(  4  \ 

3134  psi  to  191  psi.  In  another  experiment  ,  little  difference  was 
noted  between  vacuum  and  air  irradiation  results  at  an  exposure  of 
8  x  10^  rad(C). 

Silicone  rubbers,  in  general,  are  less  resistant  than  the 
average  of  other  elastomers.  The  tensile  strength  increases  with 
irradiation  in  air  to  approximately  10^  rad(C)  and  then  decreases 
rapidly.  Elongation  is  the  property  most  sensitive  to  radiation,  50£ 
elongation  being  retained  after  exposure  to  5  x  \0'  rad(C)  at  room 
temperature.  For  gamma  radiation  in  vacuum  it  4 s  found  that  the 
radiation  resistance  is  about  the  same  or  somewhat  greater  than  in 
air. 


The  relative  behavior  of  elastomers  under  radiation  is 

(  5  ) 

summarized  in  bar-graph  form  in  Figure  3-1 

3.2.2  Plastics 

The  resistance  to  radiation  of  plastics  falls  roughly  into 

three  classes.  In  the  first  are  those  showing  resistant  behavior  to 
7  9 

10  to  10  rad(C).  These  are  polystyrene,  mineral-filled  phenolics 

and  polyesters,  phenolic  laminates,  polyethylene,  polyethylene  terephtha 

late,  polyvinyl  chloride,  epoxies  and  glass  reinforced  silicones.  The 

8  9 

25Z  degradation  point  is  in  the  range  10  to  10  rad(C).  Tne  second  or 
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81232-91. 

Utility  of  Plastic 

Nearly  always  usable 
Often  satisfactory 
l  imited  use 


Polyurethane  rubber 
Natural  rubber 
Adduct  rubbers 
Styrene -butadiene  (SBR) 
Vitor.-A 
Poly  FBA 

Cyanosiiicone  rubber 
Vinyl  pyridine  elastomer 
Acrylonitrile  rubber 
Nitrile  rubber 
Neoprene  rubber 
Hypalon 
Kel-F 

Silicone  rubber 
Polyacrylic  rubber 
Butyl  rubber 
Poly  sulfide  rubber 


GAMMA  EXPOSURE  DOSE.  FlADiC) 


Damage 


Incipient  to  mild 
Mild  to  moderate 
Moderate  to  severe 
Incomplete  data 


FIGURE  3-1 


Relative  Radiation 


Stability  of  Elastomers 


(5) 
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intermediate  class  w-  th  respect  to  radiation  degradation  include: 
asLaaine  formaldehyde,  unfilled  phenol- formaldehyde  and  urea -formalde¬ 
hyde.  This  class  remains  u:  f  fee  ted  by  radiation  up  to  the  range  ID 
to  10^  rad(C)  with  25\  degradation  at  10^  to  10^  rad(C).  The  third 
or  poorest  class  is  made  up  of  the  ceilulosics,  polyamides.  Teflon, 

and  unfilled  polyesters.  Degradation  thresholds  in  these  plastics 
4  6 

occur  at  10  to  10  rad(C). 

Because  of  the  relative  hardness  of  the  first  class  of 
plastics  above  with  respect  to  a  radiation  environment,  further 
detailed  discussion  of  it  is  ciit'ed.  Because  of  the  relatively  low 
thresholds  of  the  last  class,  on  the  other  hand,  a  more  derailed 
discussion  is  warranted  together  with  a  somewhat  less  detailed  dis¬ 
cussion  of  the  second  class.  The  relative  behavior  of  thermoplastics 
and  thermsetting  resins  as  a  function  of  radiation  dose  is  presented 
in  bar-graph  form  in  Figures  3-2  and  3-3^ 

3.2.2. 1  Fluorethylene  Polymers 

This  class  of  polymers  is  perhaps  unique  in  that  its  members 
combine  exceptionally  good  temperature  and  chemical  resistance  together 
with  a  tendency  to  degrade  in  the  presence  of  radiation,  with  the 
degree  of  radiation  degradation  depending  critically  upon  the  ambient. 
Early  tests  on  Teflon  showed  a  relatively  poor  radiation  resistance  in 
air  and  it  was  inferred  that  this  would  limit  its  usefulness  generally. 
Later  t«3ts,  however,  indicated  that  its  resistance  to  radiation  ex¬ 
posure  in  vacuum  is  about  two  orders  of  magnitude  better  than  its 
resistance  when  exposed  In  the  presence  of  oxygen. 

Of  the  several  types  of  fluorcarbon  polymers,  FEP100  Teflon 
(a  hexatluorapropene  and  tetra fluorethylene  copolymer)  is  considerably 
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FIGURE  3-2  Relative  Radiation  Resistance  of  Thermoplastic  Resins 


Phenolic,  glass  laminate 
Phenolic.,  asbestos  filled 
Phenolic,  unfilled 
Epoxy,  aromatic -type 
curing  agent 
Polyurethane 
Polyester,  glass  filled 
Polyester,  mineral  filled 
Diallyl  Phthalate,  mineral 
filled 

Polyester,  unfilled 
Mylar 

Silicone,  glass  filled 
Silicone,  mineral  filled 
Silicone,  unfilled 
Furane,  resin 
Melamine-formaldehyde 
Urea-formaldehyde 
Aniline -formaldehyde 


10$ 


Figure  3-3  Relative 
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more  radiation  resistant  in  air  than  TFE  Teflon  (tetrafluorethylene). 
The  threshold  dasuge  for  TFE  in  air  is  1.7  x  10^  rad(C)  with  a  251 

4 

degradation  occurring  at  3.4  x  10  rad(C).  In  vacuum,  the  tensile 
strength  of  TFE  is  satisfactory  to  8  x  10^  rad(C).  FEP  Teflon  is  also 
more  stable  under  irradiation  In  the  absence  of  air.  A  set  of  data 
comparing  vacuum  and  air  Irradiation  as  obtained  by  Shaffner^  is 
shown  in  Table  3*1. 

Radiation  test  results^  ^  in  Duroid  5600,  a  glass-fiber- 
reinforced  Teflon  show  a  retention  of  401  of  tensile  strength  and 

Q 

some  flexibility  at  1.2  x  10  rad(C)  in  air. 

(  \  \ 

Tedlar  (polyvinyl  fluoride)  in  the  form  of  a  4-mil  film 

g 

was  radiation  resistant  to  10  rad(C)  but  decomposed  above  that  level. 
Kynar '  1  (polyvinylidene  fluoride)  retained  its  tensile  strength 

under  irradiation  in  air  and  vacuum  to  a  threshold  of  107  rad(C). 

In  addition  to  the  mechanical  property,  the  dielectric 
behavior  of  the  fluorcarbons  is  also  affected  by  radiation.  The  low 
frequency  dissipation  factor  of  TFE  Teflon  is  considerably  affected 
by  irradiation.  The  loss  at  high  frequencies  is  less  affected.  As 
in  the  case  of  the  mechanical  property,  dielectric  behavior  is  in¬ 
fluenced  by  ambient  oxygen  during  radiation  exposure  and  recovery. 

At  frequencies  less  than  1000  Hz  and  at  a  dose  of  2  x  10^  rad(C)  the 
dissipation  factor  of  TFE-6  Teflon  Increases  approximately  13  times 
its  original  value ^  ^  ^ .  For  FEP100  Teflon,  in  contrast,  dissipation 
and  dielectric  constant  are  relatively  unaffected  by  irradiation  in 
vacuum''  }  at  6  x  10  rad(C). 
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3. 2. 2. 2  Cellulosics 


Cellulose  polymers  are  cellulose  acetate,  cellulose  acetate 

butyrate,  cellulose  nitrate,  cellulose  propionate  and  ethyl  cellulose. 

They  are  in  the  class  of  plastics  with  the  poorest  radiation  resistance. 

Physical  properties  deteriorate  rapidly  under  gamnu  radiation.  At 

1.9  x  107  rad(C),  cellulose  acetate,  one  of  the  more  radiation-resistant 

(  3) 

cellulosics,  has  deteriorated  by  25»  . 

3. 2. 2. 3  Polyamide  (Nylon) 

The  material  is  used  generally  for  gears,  bearings,  valve 
seats,  and  electrical  equipment.  The  radiation  behavior  of  nylon 
depends  upon  its  physical  form.  In  sheet  form  a  threshold  for  damage 
is  at  8.6  x  10’’  rad(C) .  Its  tensile  strength  increases  with  radiation 

/  Q\ 

exposure''  .  Nylon  fiber  on  the  other  hand  is  reported  to  lose  strength 

(  9) 

rapidly  when  irradiated  in  the  presence  of  air  . 

3. 2. 2. 4  Polyesters  (Unfilled) 

Unfilled  polyesters  have  poor  radiation  resistance.  The  addi¬ 
tion  of  mineral  fillers,  however,  can  increase  radiation  stability  about 
two  orders  of  magnitude.  Plaskan  Alkyd,  a  mineral  filled  polyester, 
begins  to  deteriorate  at  8.7  x  10  rad(C)  while  the  unfilled  polyester 
exhibited  deterioration  at  10^  to  10^  rad(C). 

3.2.2. 3  Amino  Resins 

This  class  of  materials  includes  urea  formaldehyde,  melamine 
formaldehyde,  and  amilene  formaldehyde.  They  are  thermosetting  resins 
used  in  shock  proof  laminates  and  wiring  devices,  as  adhesives,  and  in 
surface  coating  formulations. 
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Urea forma ldehyde  is  unaffected  to  a  threshold  of  7.4  x  lQ^rad(C), 

g 

and  is  degraded  by  251  at  1  x  10  rad(C).  Urea  and  Melamine  formaldehyde 
when  filled  with  cellulosic  materials  is  observed  to  become  brittle, 

f  o\ 

blister,  swell,  and  crumble  upon  exposure  to  gamma  radiation v  . 

3. 2. 2. 6  Polyimide 

Fibers  of  this  material  (HT-1,  DuPont  Namex  yarn)  are  unaffected 
8  (  5) 

to  au  exposure  of  3  x  10  rad(C)v  .  Dupont  "H"  film  considered  for 
use  as  a  hydrogen  barrier  was  irradiated  in  liquid  nitrogen.  Tensile 
and  tear  strength  were  not  affected  to  a  significant  degree  at  an 
exposure  of  2  x  10  ^  rad(C),  nor  did  radiation  effect  hydrogen  permea¬ 
bility. 


3.2.3  Organic  Fluids 

As  in  the  case  of  solid  organic  materials,  the  primary  radia¬ 
tion  effect  in  the  fluid  is  the  rupture  of  bonds  leading  to  material 
degradation.  For  overall  radiation  stability,  branched  chain  esters 
for  example,  isopropyl,  are  less  stable  than  straight  chain  compounds ^ . 
Aromatic  compounds  are  generally  more  stable  than  aliphatic  structures 
as  a  result  of  the  ability  of  the  aromatic  molecules  to  dissipate 
energy  absorbed  from  incident  radiation  without  bond  rupture.  Also 
the  addition  of  aromatic  compounds  such  as  benzene  to  aliphatic  hydro* 
carbons  increases  their  radiation  stability. 

Because  of  their  superior  characteristics  in  a  high  tempera¬ 
ture  or  combined  high  temperature  radiation  environment,  the 
polyphenyl  ethers  and  alkyleted  aromatic  ethers  are  likely  to  be 
candidate  lubricants  coolants,  and  working  fluids  for  space  power 
systems.  With  respect  to  the  gamma  and  neutron  components  of  the 
nuclear  weapon  environment  these  materials  possess  radiation  thresholds 
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(>-10 7  rad(C))for  degradation  considerably  above  that  likely  to  be 
encountered.  Therefore  no  detailed  discussion  of  their  relative 
radiation  resistance  will  be  given.  Instead  bar-graph  data  is  shown 
in  Figure  3*3  of  the  relative  radiation  behavior  of  various  types  of 

,  .  .  „  (ID 

lubricants. 
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Radiation  damage  extensive  but  not  catastrophic 


FIGURE  3-4  Approximate  Tolerance  of  Lubricr.nts  Co  Gamma  Radiation 


4.0  GENERAL  SYSTEMS  AND  CIRCUITS  CONCEPTS 

4.1  Description 

Effects  due  to  the  interaction  of  a  nuclear  environment  vith 
circuitry  are  discussed  in  this  section.  Radiation  hardening  guide¬ 
lines  and  techniques  which  are  applicable  at  the  circuit  and  subsystem 
level  are  summarized. 

One  area  of  concern  is  the  transient  effects  caused  by  high 
radiation  dose  rates.  Provided  a  recovery  to  normal  operation  is 
insured,  the  effect  of  this  transient  radiation  disturbance  will  be 
to  effectively  cause  a  system  "dead  time"  during  which  the  system  will 
not  function  properly.  This  dead  time  may  range  from  50  nanoseconds 
to  several  milliseconds.  Transient  effects  will  manifest  themselves 
at  the  circuit  and  system  level  as  severe  overloads  and  overdrive 
conditions.  Component  damage  and  burn-out,  insulation  failure,  and 
the  generation  of  spurious  signals  are  areas  of  concern.  A  circuit, 
subsystem,  or  the  complete  system  can  be  threatened  by  component 
damage  or  can  be  forced  into  an  operating  mode  that  is  irreversible. 
The  transient  radiation  interacts  with  the  spacecraft  power  distribu¬ 
tion  system  In  such  a  manner  as  to  make  maximum  power  available  for 
several  tens  of  microseconds.  Soi..r  cells  are  excellent  energy 
converters  for  ionizing  radiation.  At  the  same  time  the  load  current 
increases  due  to  radiation-induced  currents. 

In  power  subsystems  which  use  tolar  cell  power  backed  up  by 
batteries,  other  events  may  occur  simultaneously  with  the  increase  in 
solar  power  capability.  The  battery  controller  switches,  power  supply 
switches  (to  redundant  circuitry)  battery  charging  switches  and 
telemetry  switches  will  be  affected  by  the  transient  radiation  pulse. 
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The  radiation  pulae  can  turn  on  all  of  theae  switching  functions  and 
lock  then  on  for  aeveral  tens  of  microseconds.  Maximum  energy  is 
available  to  the  system  during  this  time.  The  solar  cells  can  provide 
several  times  their  normal  current,  and  with  the  batteries  connected 
to  the  primary  buss,  the  batteries  are  charged  with  a  current  several 
times  their  normal  rate.  The  system  iuid  is  increased  considerably, 
all  redundant  circuitry  is  powered,  and  saturation  conditions  exist 
throughout  the  spacecraft  electronics.  large  currents  will  flow  during 
this  time  which  can  cause  component  damage  if  the  currents  are  not 
limited  to  safe  values.  The  series  pass  transistor  in  regulators  may 
be  severely  overloaded  during  this  time. 

Buss  limiters  are  sometimes  incorporated  into  space  power 
systems.  Their  function  is  to  limit  the  solar  array  output  voltage. 

The  radiation  environment  will  turn  on  the  limiters  but  the  limiters 
will  be  ineffective  in  shunting  all  of  the  excccs  current  available 
since  they  themselves  are  current  limited. 

Some  circuit  applications  (typical  of  satellite  systetas) 
where  component  damage  might  occur  are  discussed  below ^  1 

Figure  4-1  illustrates  an  erimple  found  in  a  telemetry 
encoder.  Normally  only  one  transistor  is  ON  at  a  time.  Radiation  can 
turn  both  transistors  ON  and  short  the  power  source  to  grouri  through 
the  transistors.  The  power  source  can  be  current  limited  i.\  this  case 
but  damage  may  still  occur  due  to  the  low  power  devices  generally  used. 

Figure  4-2  illustrates  motor  control  (simplified)  circuitry. 
The  motor  is  switched  to  +V  for  acceleration  and  to  ground  for  braking. 
Radiation  can  turn  both  transistors  ON  and  short  the  power  source  to 
ground  through  the  transistors. 
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Figure  4-2  Motor  Control  Circuitry 
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Figure  4*3  illustrates  a  portioc  of  a  dc*ic  comer  ter  where 
one  transistor  is  normally  OH  and  cite  other  OFF.  ladiatioo  can  turn 
both  transistors  OH  and  short  the  power  sootvt  tc  ground  through  the 
transistors  and  the  low  lapedance  transformer  winding,  tech  transistor 
is  presented  with  a  shot c  circuit  load  due  to  the  transformer  action. 
Precautions  should  slso  be  taken  tc  insure  diet  the  oscillator  in  the 
dc-dc  converter  will  start  after  the  tr ana  lent  radiation  disturbance. 

Figure  4-4  illustrates  i  problem  that  wight  exist  due  to 
tm  1**11  ted  photocurrents.  The  capacitor  is  charged  prior  to  the  radia¬ 
tion  pulse  and  the  diode  is  reverse -biased.  During  the  transient 
radiatin'*  disturbance  the  diode  conducts  and  pieserts  a  very  low 
iupedance  to  the  capacitor.  The  high  current  i&ieh  flows  nay  dinaga 
the  diode. 

The  :hort  circuit  current  and  tiae  inquired  to  burn-out  sane 
specific  types  of  transistors  are  shown  In  Table  4-1.  These  data  are 
representative  of  the  situation  where  a  transistor  is  connected 
between  an  energy  souice  and  ground  without  adequate  current  Uniting. 


TABLE  4-1.  Transistor  Burn-out  Current  and  Tine 


Type 

Tine 

Current-Short  Circuit 

(us) 

(A) 

2N388 

25 

7 

2N935 

25 

0.5 

2N1308 

25 

100 

2Nlol3 

25 

1 

2N2222 

25 

0.34 

PT2917 

25 

100 
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A  problem  peculiar  to  linear  circuits  Is  that  of  prolonged 
settling  tine  (after  a  transient  radiation  disturbance)  due  to  the 
circuit  tine  constants.  Coupling  and  bypass  capacitors,  filters,  and 
frequency  shaping  networks  nay  prolong  the  circuit  recovery  tine. 

These  circuit  e  leant*  should  be  kept  to  a  Minima  and,  where  pose  lb  le, 
filters  and  frequency  shaping  networks  should  be  located  at  the  circuit 
output  to  eliminate  the  effects  of  circuit  gain.  An  effort  can  thua 
be  unde  to  keep  Che  circuit  recovery  tine  on  the  order  of  the  component 
recovery  tines. 

The  Interaction  of  the  transient  radiation  disturbance  with 
the  system  can  be  considered  as  the  generation  of  a  noiae  pulse  through' 
out  the  system  where  each  component  is  an  effective  pulse  generator. 

The  pulses  generated  in  the  components  propagate  through  the  normal 
signal  paths,  being  amplified  and/or  cancelled  in  the  process.  The 
techniques  for  handling  noise  are  applicable  to  the  radiation  hardening 
process.  Filtering,  cancellation,  and  differential  techniques  can  be 
used  as  hardening  techniques. 

4.2  Linear  Amplifiers 

Nuclear  irradiation  of  components  ceases  transient  and 
permanent:  disturbances  within  and  around  the  individual  components. 

A  given  component  may  nave  more  than  one  parameter  which  is  disturbed. 

A  transistor  will  experience  changes  in  base-collector  leakage  current, 
current  galu,  saturation  voltage  drop,  leakage  resistance,  base  to 
eir.it ter  voltage  drop,  etc.  For  a  given  type  of  transistor,  however, 
some  parameters  may  experience  a  large  disturbance  and  other  parameters 
may  experience  uotparetlvely  small  disturbances.  The  overall  effect 
on  the  circuit  in  which  this  component  is  used  depends  upon  those 
radiation-induced  variations  in  the  parameters  of  the  device  which  are 
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aost  important  fox  the  paxticular  circuit  application.  For  an  open* 
loop  ac  amplifier,  the  current  gain  parameter  la  normally  aost 
important,  bat  for  a  coamitating  avltch  the  aaturatlon  voltage 
parameter  is  normally  aoat  iaportant.  The  process  of  hardening 
requires  that  the  circuit  components  be  selected  on  the  basis  of  a 
tolerable  parameter  change  with  regard  to  the  specific  circuit 
application  vhich  the  component  oust  fulfill. 

Beta  degradation  due  to  nuclear  radiation  dose  (priaari ly 
neutron  dose)  reduces  the  maximum  gain  capability  of  an  open -loop 
amplifier,  and  consequently  additional  stages  siy  be  required  to 
aaintain  a  nlni—a  input-output  signal  gain.  Beta  degradation  nay 
also  reduce  the  open-loop  gain  capability  in  a  closed-loop  (operational) 
amplifier  application  and  thus  degrade  the  accuracy  performance  of  the 
amplifier.  Again,  additional  stages  nay  be  required  in  order  to 
e as  ere  adequate  open-loop  gain,  after  radiation  exposure,  to  maintain 
a  specified  accuracy  performance. 

Successive  emitter-follower  stages,  where  NPN  and  FNP  transis¬ 
tors  follow  each  other,  are  of  concern  during  transient  saturation, 
since  the  collector  power  supplies  will  essentially  be  shorted 
together  through  the  transistors.  The  transistors  may  be  destroyed 
by  the  resulting  excessive  current  flow  th:  nigh  then. 

Amplifiers  which  use  emitter  resistors  to  present  s  high  input 
impedance,  will  suffer  a  decrease  in  input  impedance  as  beta  degrades, 
since  this  impedance  is  a  function  of  beta  times  the  emitter  circuit 
resistance. 

The  quiescent  operating  point  of  s  capacitively  coupled 
amplifier  may  chnnge  if  the  decrease  in  transistor  input  Impedance  is 
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sufficient  to  load  down  the  biasing  network.  If  this  effect  is 
important  with  respect  to  the  amplifier  output,  then  a  lower 
impedance  bias  network  nay  be  required.  A  permanent  increase  in 
due  to  neutron  dose  nay  also  cause  a  change  in  the  amplifier  operating 
point. 


The  recovery  tine  to  a  noma l  output  condition  of  a  transistor 
aaplifier  responding  to  a  transient  disturbance,  is  a  function  of  the 

1 

relaxation  tine  of  the  transistor,  the  loading  circuit,  and  the  driving 
circuit.  The  relaxation  tine  of  the  loading  and  driving  circuits  nay 

greatly  exceed  the  relaxation  tine  of  the  transistor  if  they  contain  I 

reactive  (capacitive  or  Inductive)  coupling  elenents.  These  areas  of 
significance  in  the  radiation  response  of  linear  amplifier  circuits 
are  summarize*  below: 

Changes  in  conductances  between  nodes,  the  creation  of 
replacement  currents,  and  prlnary  photocurrents 

.  Secondary  photocurrents  , 

Delayed  component  responses 

Circuit  interactions  and  recovery  nodes 

f 

Of  the  four  causes  of  disturbance  in  linear  anpiifier  circuits 
listed,  the  last,  circuit  interactions,  is  the  fundaaental  cause  of 
long  recovery  tines  or  "black  out"  periods.  The  circuit  designer  muse 
be  acutely  aware  of  this  type  of  circuit  disturbance. 

The  effects  in  the  first  item  are  thos*  which  closely  follow 
the  time  nistory  of  the  ganraa  radiation  pulse.  These  effects  may  be 
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represented  by  the  addition  of  simple  conductance  paths  or  current 
generators  in  an  equivalent  circuit.  Secondary  photocurrent  is  handled 
separately  since  it  is  not  a  siaple  function  of  device  physics,  but  is 
also  dependent  on  circuit  tape dances  and  tine  constants.  Delayed 
component  responses  are  those  tihlch  persist  for  soae  tiae  period  after 
the  ionizing  radiation.  One  such  effect  is  the  delayed  conductivity 
of  dielectrics.  The  last  category,  circuit  interactions  and  recovery 
nodes,  is  peculiar  sr.  that  it  is  not  fundaaen tally  a  function  of  radia¬ 
tion  effects  on  component.*,  but  rather  an  effect  vhich  occurs  due  to 
the  electrical  interaction  of  components  in  the  circuit  topology.  This 
is  discussed  in  detail  in  Section  4.3. 

Normal  Methods  used  in  minimizing  overload  recovery  probleaa 
in  conventional  circuitry  aay  be  applied  in  solving  the  "black  out" 
phase  of  the  radiaticn  problea.  However,  in  conventional  design,  the 
circuit  engineer  need  be  concerned  only  with  signals  at  the  circuit 
input.  Under  transient  radiation  conditions,  effective  inputs  are 
present  at  each  coaponent.  Minimization  of  overload  recovery  after 
ionizing  radiation  is  then  auch  aore  difficult  than  for  siaple  signal 
conditions. 

Figure  4-5  illustrates  prolongaent  of  circuit  recovery  tiae 
(2  ) 

from  transient  radiation.  Here  the  signal  present  froa  a  previous 

stage  causes  charge  integration  to  occur  or.  a  coupling  capacitor. 

This  change  of  charge  results  in  an  undershoot  at  the  transistor  base 
and  a  subsequently  long  recovery  tiae  at  the  collector.  This  situation 
is  familiar  to  the  designers  and  users  of  nuclear  pulse  height 
analyzers,  since  this  charge  integration  is  nothing  more  than  an 
extreme  example  of  "base  line  shift".  The  other  cause  of  charge 
changes  on  circuit  capacitors,  ionization  leakage,  is  of  course  often 
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FIGURE  4-5  Prolongment  of  Circuit  Recovery  Time 


4-10 


significant,  but  wit  not  be  confused  with  electrical  signal  integra¬ 
tion. 

Direct-coupled  stages  normally  recover  as  a  function  of  the 
relaxation  tiae  of  the  transistor,  and  are  therefore  preferred,  if 
bias  stabilization  criteria  can  be  satisfied. 

The  other  three  causes  of  overall  circuit  disturbances 
(leakages,  replacement  currents,  nrlaaxy  photocurrents  and  secondary 
photocurrents,  and  delayed  component  responses)  are  disturbance  inputs, 
at  the  component  level,  which  cause  long  recovery  tines.  The  minimiza¬ 
tion  of  any  of  these  three  inputs  by  using  less  radiation  sensitive 
components  will  enhance  overall  hardness  (in  general)  but  does  nothing 
to  reduce  the  potential  electrical  recovery  time  if  circuit  topology 
remains  unchanged.  Therefore,  since  the  circuit  electrical  recovery 
is  most  often  the  primary  contributor  to  overall  circuit  malfunction 
and  "black  out",  it  warrants  first  consideration  in  circuit  hardening. 

4.3  Nonlinear  Circuits 

Nonlinear  circuits  such  as  flip-flops  and  other  logic  circuits 
will  be  the  least  vulnerable  to  a  nuclear  environment,  insofar  as  any 
permanent  damage  that  might  result,  although  temporary  inoperability 
may  occur. 

Logic  circuits  are  nonlinear  in  normal  operation  and  operate 
either  in  saturaticn  (ON)  or  in  cutoff  (OFF)  condition.  The  transient 
saturation  experienced  by  logic  circuits  as  a  result  of  nuclear  radia¬ 
tion  may  force  them  into  abnormal  conditions  or  operating  sequences; 
e.g.,  upon  recovery  from  transient  saturation,  a  flip-flop  may  or  may 
not  assume  the  same  logic  condition  which  existed  prior  to  radiation. 


Thus,  a  flip-flop  counter  will  recover  to  a  randan  count  after  radia¬ 
tion-induced  saturation  and  resiaae  sequential  operation  from  that 
point.  Whether  this  effect  is  critical  or  not  depends  upon  the  system 
in  uhlch  it  is  used  and  the  sequential  functions  which  it  controls.  If 
this  is  critical,  a  square  loop  Memory  core  may  be  used  to  provide 
memory  action  after  the  cessation  of  ionizing  radiation. 

Logic  driving  circuits  used  to  read  digital  data  into  and  out 
of  memory  stores  will  also  be  saturated  and,  upon  recovery,  the  aernory 
locations  so  driven  will  contain  random  information.  All  of  the  data 
stored  in  a  random  access  memory  could  be  destroyed. 

All  commutating  transistors,  whose  collectors  are  tied  to  a 
common  point  and  whose  emitters  sre  each  tied  to  a  signal  source 
(sensors),  will  be  saturated  simultaneously,  thus  shorting  all  driving 
signals  together. 

Digllog  switches,  in  digital -to -ana log  conversion  circuits, 
and  logic  switches  which  drive  emitter  followers,  are  vulnerable  to 
transient  radiation,  since  transistor  saturation  will  short  two  power 
supplies  together  through  the  transistors.  large  filter  capacitors 
across  the  power-supply  outputs  may  be  undesirable  since  they  provide 
the  digllog  switches  with  energy  sources  for  large  transient  currents. 

The  decrease  in  beta,  due  to  nuclear  radiation,  requires 
that  the  base  driving  current  be  proportionately  increased  (as  beta 
decreases)  to  maintain  a  given  collector-current  loading.  Thus, 
hardened  switching  circuits  must  be  driven  quite  hard  into  saturation 
in  normal  operation  so  that  they  will  be  capable  of  being  saturated 
after  beta  degrades.  This  overdrive,  however,  has  the  effect  of 
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requiring  a  greater  time  to  turn -OFF  the  transistor  when  bringing  it 
out  of  the  saturated  stats.  High-speed  logic  switches,  therefore, 
require  special  techniques  to  correct  for  this  nuclear -hardening 
overdrive  in  order  to  maintain  the  switching -speed  capability.  Some 
of  the  hardening  techniques  may  include  lew  impedance  circuitry,  photo¬ 
current  compensation,  emitter  loading  and  a  balanced  pair  of  transis¬ 
tors  in  the  output  stage. 

The  increase  in  I  after  nuclear  radiation  may  be  important 
in  logic  switches.  A  reverse  base-emitter  voltage  is  required  to 
keep  the  transistor  cut  off  in  the  OFF  state.  This  voltage  is  normally 
provided  through  resistive  dividing  networks  in  the  base  circuit  from 
a  reverse-bias  power  supply.  The  eifect  of  the  leakage  current,  1^, 
is  to  bring  the  transistor  closer  to  conduction.  Since  1^  Increases 
due  to  nuclear  radiation,  the  reverse-bias  hold-off  networks  must  be  more 
effective,  i.e.,  smaller  resistor  values  and/or  higher  bias  voltages 
must  be  used. 

A  small  increase  in  Vn_  due  to  nuclear  radiation  will  tend 
to  decrease  the  voltage  drop  across  the  base-drive  resistor  and,  conse¬ 
quently,  tend  to  decrease  the  base-drive  current.  This  effect  is 
compounded  by  a  simultaneous  beta  degradation,  as  discussed  previously. 

To  maintain  a  given  level  of  brse-drive  current  after  radiation,  the 
base-drive  circuit  must  be  a  lower  impedance  than  that  required  for 
preirradiation  operation. 

Increased  V_._  due  tc  nuclear  radiation  decreases  the  ability 

On  X 

of  the  output  of  a  saturated  ON-state  switch  to  hold  a  successive 

transistor  switch  in  the  OFF  state.  To  compensate  for  this  effect, 

the  input  base  reverse-bias  resistor  network  of  the  successive  transistor 


4-13 


twitch  aust  b«  of  lower  impedance  then  norat l  thereby  providing  high 
"hold-OFF  current"  and  requiring  less  "hold-OFF  current"  from  the 
saturated  state.  This  condition  ir  compounded  by  the  increase  .'n 
leakage  current,  Ig0,  which  has  the  same  system  effect. 

The  nuclear  radiation  effects  of  decreased  forward-current- 

gain  characteristic  (0^  increased  leakage  current  (1^) ,  Increased  base-to 

emitter  voltage  drop  (Vn_),  and  increased  saturation  voltage  (Vc  ) 

d£  SAX 

all  require  that  logic  switching  circuits  have  "stronger"  base-drive 
networks  to  ensure  switching  the  transistor  into  the  ON  state  and 
have  "stronger"  reverse-bias  hold-off  networks  to  ensure  switching 
the  transistor  into  the  OFF  state.  "Stronger"  networks  imply  lower 
impedances  and  more  current  thereby  requiring  more  power  and 
restricting  fan-out. 

The  transient  saturation  experienced  by  both  transistors  in 
a  multivibrator,  used  to  generate  clock  pulses,  will  not  force  them 
into  abnormal  operating  points  since  they  normally  operate  in 
saturation  or  cutoff.  It  will,  however,  force  them  into  an  abnormal 
operating  sequence  since  both  transistors  are  not  normally  saturated 
simultaneously.  Upon  recovery  from  saturation,  the  circuit  may  assume 
a  random  state  but  should  function  normally  provided  the  transistors 
are  not  damaged  by  transient-overload  conditions.  If  the  output  side 
of  t.he  multivibrator  is  loaded  with  an  emitter- follower,  then  the 
multivibrator  emitter  power  aupply  may  be  shorted  to  the  emitter- 
follower  collector  power  supply  through  the  two  transistors.  Correction 
of  radiation  effects  on  clock-pulse-generation  are  generally  futile  if 
the  logic  circuits  which  use  this  clock  pulse  are  similarly  affected. 

Then,  for  high  radiation-rate  and  high-speed  operation,  ill  circuits 
must  be  inherently  hardened. 
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The  decrease  lr.  3  after  nuclear  radiation  requires  a  stronger 
base-drive  capability  to  ensure  good  switching  conditions  between  the 
two  transistors.  This  effect  can  be  minimized  by  reducing  the  K  while 
proportionally  increasing  the  C  in  the  base  RC  driving  network.  It  is 
assumed  that  the  3  is  great  enough  to  maintain  a  regenerative  loop. 

The  increase  in  leakage  current  (I^)  after  nuclear  radiation 
will  tend  to  load  down  the  RC  discharging  network  on  the  transistor 
base,  thus  increasing  the  frequency  of  clock-pulse  generation.  This 
effect  can  be  minimized  by  again  reducing  the  base  driving  resistor 
(R)  while  proportionally  increasing  C  in  the  RC  network. 

The  change  in  V  after  nuclear  radiation  will  tend  to  alter 
dE 

the  frequency  of  clock-pulse  generation,  since  the  base  RC  circuit  must 
discharge  to  a  different  point  before  the  OFF  transistor  begins  to 
conduct.  This  effect  can  be  minimized  by  selecting  a  transistor  whose 
V  does  not  change  appreciably  as  a  function  of  nuclear  radiation  and 

DL 

by  ensuring  that  the  slope  of  the  RC  discharging  waveshape  is  steep  as 
it  reaches  the  required  voltage-time  relationship. 

The  increase  of  the  collector-to-emitter  saturation  voltage 
<W  “U1 1  ncrease  the  frequency  of  clock-pulse  generation.  The 
frequency  increase  will  be  in  proportion  to  the  ratio  of  the  increased 
^SAT  V£  t*lfc  v°lta£e  normally  switched  at  the  collector  of  the  transistor. 

If  clock  frequency  is  controlled  by  a  crystal  oscillator, 
then  the  output  phase,  frequency,  and  amplitude  of  the  oscillator  must 
be  considered  in  the  design.  This  consideration  must  include  shock  and 
temperature  as  well  as  ionization  and  degradation. 
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The  dodaant  effect  of  ionizing  radiation  upon  semiconductor 

circuitry  is  the  production  of  the  priaary  photocurrent  (i  )  across 

PP 

semiconductor  Junctions.  Transistors  used  in  linear  applications  will 
amplify  the  primary  photocurre&t  induced  in  the  base  by  t**e  beta  gain 
of  the  device-  thus  resulting  in  large  collector  voltage  spikes. 
Transistors  in  nonlinear  applications  will  beta  multiply  the  induced 
base  photocurrent  in  excess  of  that  amount  required  to  forward  bias 
the  base  Junction.  Thus,  a  normally  OFT  circuit  may  be  induced  to 
switch  OK  by  the  ionizing  radiation  environment.  In  each  case  the 
circuit  will  return  to  its  normally  biased  condition  after  the 
ionizing  radiation  environment  has  subsided. 

Neutralization  of  the  primary  photocurrent  may  be  accomplished 

in  several  ways.  Increasing  the  OFF  bias  of  nonlinear  circuits  is  one 

method  of  defeating  the  "turn-OH"  effect  of  i  .  This  is  rather 

PP 

inefficient,  however,  since  more  base  drive  current  must  be  supplied 
from  the  source  signal  when  the  circuit  is  to  be  "turned -ON”  during 
normal  circuit  operation. 

A  more  efficient  technique  is  that  of  compensation^  ^  ^  wherein 
a  second  semiconductor  device  is  used  in  the  circuit  such  that  its 
primary  photocurrent  opposes  and  cancels  the  unwanted  primary  photo* 
current.  This  technique  is  shown  in  Figure  4*6  where  the  photocurrent 
of  diode  CR-1  is  of  such  s  polarity  as  to  oppose  and  cancel  the  primary 
photocurrent  induced  in  the  base  of  the  transistor.  Note  that  the 
diode  CR-1  is  reversed  biased  and  does  not  contribute  to  normal  operation 
of  the  total  circuit.  Its  only  functional  contribution  occurs  during 
ionizing  radiation.  Such  a  technique  as  this  can  be  effectively  used 
in  linear  circuits  as  well  as  nonlinear  circuits. 
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Figure  4-7  illustrates  another  technique  for  coopeosating 

radiation-induced  photocurrent  effects.  Both  translators  are  biased 

in  a  linear  operating  condition  with  the  signal  applied  to  the  lower 

transistor,  Q^.  Consider  the  voltage  at  point  The  effect  of  i  , 

due  to  Qx  alone,  is  tc  force  point  positive  with  respect  to  ground, 

and  the  effect  of  i  _,  due  to  Q.  alone,  is  to  force  roint  V  negative. 

pp2  2  c 

Therefore,  if  1  effects  are  balanced,  no  effect  is  evident  at  point 
PP 

Vq  since  the  effects  of  and  cancel. 

A  third  approach  is  i 1 lu3 tr* tea  in  Figure  4-8.  The  signal, 
plus  radiation  noise,  is  injected  at  the  base  of  an d  is  added  to  or 

subtracted  from  the  radiation-induced  effect  of  Q^.  The  base  or 
would  be  grounded  through  an  appropriate  impedance  and  thus  the  only 
signal  coupled  through  Is  the  radiation-induced  effect  in  Q^.  The 
signals  soared  at  point  V0  are  the  signal  plus  noise  injected  (positive 
signal  assumed)  at  the  base  of  Q,  (this  signal  is  inverted  and  amplified 
by  Qj),  the  radiation-induced  signal  in  itself  (a  negative  signal), 
and  the  radiation  noise  pulse  fros  that  is  amplified  but  not 
inverted  (a  positive  signal).  Therefore,  if  the  positive  noise  sign&l 
from  is  equal  to  the  two  negative  noise  signals  summed  at  point  V^, 
then  the  remaining  signal  at  point  VQ  is  just  the  amplified  signal 
from  the  base  of  Q^.  Diode  D,  is  Included  to  help  control  the  radia¬ 
tion-induced  currents. 


Shunting  the  primary  photocurrent  (i  ) 


(4  ) 


around  the 

collector  impedance  (R^)  may  be  accomplished  as  shown  in  Figure  4-9. 
When  the  dose  rate  reaches  a  critical  value  turns  ON  and  secondary 
photocurrent  (i^^)  begins  to  Hsw.  A  direct  short  from  +V  to  ground 
would  be  apparent  if  R^  (although  small)  wss  omitted.  Therefore  R2  la 
required  to  limit  current. 
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Similarly,  the  primary  c ho toe ux rent  (i  )  may  shunt  !^»  baae- 
cnlttar  Impedance  as  shown  in  Figure  4-10.  Notice  that  no  emitter 
current  limiting  resistor  Is  required  since  limits  the  current 
through  both  and  when  is  turned  ON. 

<4> 

Another  technic  -  where  the  primary  photocurrent  (i  )  is 

pp 

shunted  to  minimize  current.  *  the  emitter  load  (R^)  is  shown  for  the 

switch  circuit  in  Figure  4-11.  Primary  photocurrent  from  Q_  (1  )  is 

Z  pp 

shunted  to  ground  in  the  normally  *av trsted  common -emit ter  stage  Q^. 
Once  again  it  is  necessary  to  limit  c  urrent  by  inserting  R^  in  the 
collector  of  Q^. 


4.5  Filtering 

Relatively  low-frequency  circuitry  can  be  hardened  against 
high-frequency  transients  ionizing  radiation  by  using  filtering  tech¬ 
niques  in  the  same  manner  as  for  reducing  the  effects  of  noise. 


The  prifc~iy  photocurrent  induced  by  ionizing  radiation  may  be 
considered  as  unwanted  noise.  The  amplitude  and  duration  of  the  primary 
photocurrent  are  related  to  the  intensity  and  duration  of  the  ionizing 
radiation.  These  effects  may  be  likened  to  these  of  subjecting  the 
circuit  to  a  noise  environment.  Thus,  the  circuit  design  techniques 
used  to  defeat  noise  effects  are  also  applicable  to  defeat  ionizing 
radiation  effects.  Filtering,  compensation,  common  mode  rejection, 
etc.,  are  all  to  some  degree  effective  against  this  portion  of  the 
radiation  environment. 


An  Illustration  of  the  power  of  the  methods  is  the  case  of  a 
sampled  data  system^  ^  which  operated  at  a  10  MC  clock  rate  through 
an  environment  of  3  x  rad(Si)/s.  At  this  level  of  radiation  the 
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very  beet  of  elilcon  sesiconduc tor  "‘“vices  will  have  induced  primary 
photccurrents  in  the  order  of  50  oilliais^v.  u.  Other  lees-resistant 
sesiconduc tors  will  experience  induced  primary  photocurrents  of  even 
greater  magnitudes. 

Figure  4-12  shows  the  fe*3ic  sample /bold  circuit  designed  for 
a  sampled  dc*-a  ?vstem.  The  circuit  is  essentially  a  threshold  detector 
filtered  against  the  noise  effects  of  primary  photocurrent.  The 
operating  current  of  the  tunnel  diode  is  hissed  at  some  value  less 
than  thct  required  to  shift  the  operating  point  from  the  low  forward- 
voltage  state  to  the  high  forward -voltage  state.  An  input  signal  of 
sufficient  amplitude  and  duration  will  shift  the  operating  point  to 
the  high  forward -voltage  state  and  thua  be  "detected".  The  filter 
capacitor  prevents  Intense  narrow  pulse-widths  of  induced  primary 
photocut *_nt  from  falsely  switching  the  tunnel  diode.  The  radiation- 
induced  gain  degradation  problem  in  transistors  is  eliminated,  by 
this  sample/hold  circuit  technique,  through  use  of  the  bistable  tunnel 
diode  configuration. 

Resistor  R.  is  the  bias  resistor  selected  in  value  to  bias 
4 

the  tunnel  diode  at  a  quiescent  operating  current,  below  the  threshold 
current,  by  a  value  equal  to  that  provided  by  the  clock  input  signal 
plus  the  data  input  signal.  Capacitor  Cj^  and  resistor  R5  provide 
coupling  for  the  clock  input  signal. 

Resistors  R^,  R^,  and  R^  and  computer  diode  form  the 
input  circuit  which  couples  the  data  input  signal  to  the  basic  filtered 
threshold  detector.  Diode  D^  acts  as  a  nonlinear  clamp  that  prevents 
an  "overs ignal"  from  triggering  the  threshold  detector  even  in  the 
absence  of  c  clock  signal  input. 


Resistor  Rg  provides  impedance  isolation  between  the  tunnel 
diode  and  the  aonitoring  device  connected  to  the  output  of  tha  sample/ 
hold  circuit.  Capacitor  is  a  filter  capacitor  on  the  output  lead 
to  prevent  external  noise  from  being  picked  up,  and  appearing  as  a 
false  signal  source  to  the  tunnel  diode. 

Capacitor  and  diode  are  the  radiation  hardening  elements 
in  the  circuit.  Capacitor  C^  acts  as  •  high  frequency  filter  to 
suppress  the  unwanted  primary  photocurrent  induced  at  the  plate  side 
of  the  silicon  tunnel  diode  D^.  The  value  of  is  chosen  as  large  as 
possible  without  suppressing  the  10  MC  signal.  Diode  provides 
radiation  hardness  by  means  of  the  "compensation"  technique.  The 
primary  photocurrent  induced  at  the  cathode  of  is  of  a  polarity  to 
er.pose  or  cance  1  the  primary  photocurrent  induced  at  the  plate  of 
diode  Compensating  diode  is  selected  on  the  basis  of  having  an 

induced  primary  photocurrent  equal  in  magnitude,  insofar  as  possible, 
to  that  Induced  in  tunnel  diode  D^. 

4.6  Charge  Control 

A  major  contribution  to  circuit  disturbance  from  transient 
radiation  is  caused  by  the  change  of  charge  on  capacitors  due  to 
ionization  of  the  capacitor  dielectric.^  ^  By  reducing  the  energy 
stored  in  the  capacitors,  the  response  can  be  reduced. 

Leakage  occurs  in  capacitors  both  during  and  after  irradia- 
tion.  The  component  of  leakage  existing,  after  the  ionization  caused 
by  the  prompt  gamma  spike  is,  in  general,  much  less  severe  than  that 
experienced  during  irradiation.  Examination  of  the  significance  of 
the  prompt  leakage  of  a  capacitor  upon  circuit  transients  leads  to 
several  important  conclusions. 
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Consider  the  equivalent  circuit  for  a  capacitor  under  irradia¬ 
tion  as  shown  in  Figure  4-13.  The  injecteu  current  (1)  will  be 
considerably  less  than  the  leakage  current  through  leakage  resistance 
(R^)  in  those  cases  when  the  capacitor  (C)  is  relatively  large  (>0.01p.f) 
and  the  applied  voltage  (V)  is  of  a  magnitude  usually  experienced  in 
circuits  (5  to  50  volts).  The  injected  current  (I)  can,  therefore,  be 
ignored  in  this  discussion.  The  leakage  admittance  (1/R^)  during 
radiation  has  been  found  to  follow  the  relationship: 


£  -  K  (Y)aC  (4-1) 

R1 

where 

y  is  the  radiation  dose  rate  (rad (Si) /s) 

K  »  10  ^  for  inorganic  capacitors 
C  is  the  capccitance  in  farads 

a  has  been  experimentally  determined  to  lie  between  0.7  and 
1.0  for  most  generally  used  capacitors. 

The  voltage  (v)  on  the  capacitor  at  any  time  (t)  during  radia¬ 
tion  will  be  as  shown' 


v 


-  V  exp_tK^ 


(4-2) 


The  percentage  change  in  the  voltage  on  the 
a  radiation  impulse  of  constant  amplitude  and  0.1  us 


capacitor  during 
in  duration  is 
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Siiven  by: 


& 
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;  1 


-uo*12) 


(100J.) 


(4-3) 


If  we  assure  Q  »  1  and  solve  for  the  dose  rate  at  which  (fiv/v)l  -  101, 
we  find  ~hat: 


•" ls(0.9)  :  10 12  -  -Y 


(4-4) 


or 


y  -  1.5  x  1011  rad(Si)/s 


It  is  important  to  notice  that  the  percentage  discharge  in  the 
voltage  screws  the  capacitor  is  independent  of  the  capacitor  value 
(from  Equation  4-2).  This  fact  is  verified  experimentally  by  the  data 
shown  in  Figure  4-14  in  which  a  number  of  capacitor  responses  are 
normalized  and  plotted  against  the  capacitor  sizes.  It  should  be  noted 
that  the  capacitor  values  range  over  two  orders  of  magnitude  while  the 
change  in  voltage  on  the  capacitors  deviates  from  a  constant  by  only 
20  percent.  All  capacitors  tested  used  the  same  dielectric  so  that  K 
did  not  change  between  units. 
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Fro*  Equation  4*2  It  can  be  aeen  that  .-he  transient  voltage 
developed  (v)  will  be  zero  If  the  quiescent  voltage  (V)  on  the  capacitor 
is  also  zero.  In  fact,  the  direction  and  magnitude  of  the  transient 
My  be  changed  at  will  be  changing  V.  A  technique  for  reduciug  circuit 
disturbances  where  V  is  a  design  value  is  lamed la te ly  obvious.  That 
is,  in  any  circuit  where  the  frequency  response  is  shaped  by  an  KC 
time  constant,  the  game  transient  response  of  the  capacitor  can  be 
reduced  significantly  by  reducing  the  quiescent  voltage  and,  therefore 
the  stored  energy  in  it  to  zero.  Figure  4-15  shows  the  response 
observed  at  the  collector  of  transistor  Q.  when  the  coupling  capacitor, 
C.,,  of  Figure  4-16  was  exposed  to  transient  ionizing  radiation  and  the 
initial  voltage  on  the  capacitor  changed  from  +28  volts  dc  (bottom 
trace)  to  -12  volts  dc  (top  trace).  The  circuit  response  is  seen  to 
vanish  where  the  initial  voltage  on  the  capacitor  is  zero. 

4.7  Reducing  Time  Constants 

Three  general  methods  may  be  employed  to  harden  linear 
amplifiers  to  ionizing  radiation.  These  methods  are: 

.  Reduce  electrical  settling  time  or  overload  time  to  the 
same  order  as  that  of  the  prompt  gamma  transient. 

.  Reduce  component  effects  by  careful  selection  of  radiation 
insensitive  devices. 

.  Keep  current  levels  high  and  impedances  low  wherever 
possible. 

The  immediate  result  of  the  first  method  is  to  reduce  the  time 
duration  of  the  radiation-induced  circuit  disturbances  to  the  same  time 
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FIGURE  4-15  Transient  Response  vs 

Capacitor  Initial  Conditions 
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FIGURE  4-16 


ac  Coupled  Amplifier  for  Testing  Transient  Recovery 


regime  as  that  of  Individual  components.  Some  of  the  most  commonly 
used  circuit  configurations  exhibit  prolonged  radiation  recovery. 

To  observe  the  effects  of  the  many  time  constants  present  in  typical 
linear  amplifier  circuits,  one  need  only  examine  the  circuit  transition 
from  de-energized  condition  to  operating  condition  when  power  is 
applied.  While  this  test  is  rather  severe,  it  does  indicate  the 
circuit  areas  which  are  responsible  for  long  circuit  relaxation  periods. 

The  circuit  time  constants  which  determine  the  transition  to 
operating  conditions  (typically  coupling  and  bypass  capacitors,  trans¬ 
formers,  etc.)  are  also  those  which  determine  the  recovery  mode  from 
radiation  disturbance.  Of  particular  interest,  are  ..he  time  constants 
associated  with  the  first  stages  of  an  amplifier  since  their  effects 
are  greatly  exaggerated  by  circuit  gains.  The  elimination  of  such  time 
constants,  as  a  possible  hardening  technique,  places  some  restrictions 
on  the  circuit  designer.  However,  seldom  are  these  restrictions  so 
severe  as  to  preclude  efficient  design.  It  is  almost  always  practical 
to  directly  couple  stages  in  order  to  eliminate  coupling  capacitors 
and  to  employ  differential  stages  to  eliminate  bypass  capacitors.  The 
frequency  response  shaping  accomplished  by  the  coupling  and  bypass 
capacitors  may  be  performed  in  following  stages  or,  preferably,  at 
the  amplifier  output.  If  all  time  constants  (or  at  least  those  associ¬ 
ated  with  the  low  frequency  response  of  the  amplifier)  are  transferred 
to  the  circuit  output,  minimum  settling  time  or  overload  recovery  time 
will  result.  The  circuit,  disturbance  duration,  in  front  of  the 
frequency  shaping  networks,  will  be  reduced  to  nearly  that  of  the 
individual  components. 

From  this  point,  further  gains  in  hardness  may  be  obtained  by 
using  the  best  available  components  and  reducing  the  relative  magnitude 
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of  radiation  responses  with  respect  to  nominal  signal  levels.  Low 
circuit  impedances  will  reduce  the  relative  effects  of  ionization 
leakage  paths.  Normally  high  operating  signal  currents  will  tend  to 
minimize  the  effects  of  replacement  currents;  Employment  of  linear 
cancellation  currents  or  common-mode  rejection  techniques  may  afford 
some  further  hardness,  but  are  not  considered  as  primary  hardening 
techniques,  since  results  are  quite  erratic  because  of  sensitivity 
to  geometry  and  individual  device  responses. 

4.8  Magnetic  Devices 

Since  magnetic  devices  are  very  radiation  resistant,  they 
offer  many  advantages  in  radiation  hardened  circuit  design.  A  few 
of  the  design  techniques  are  listed  below: 

.  Inversion  -  The  common  emitter  amplifier  is  normally 
used  to  invert  ac  signals.  The  transient  response  of 
the  common  emitter  stage  can  be  eliminated  by  using  a 
transformer  to  invert  the  ac  signal. 

.  Memory  -  A  conventional  bistable  flip-flop  may  use  a 
square  loop  memory  core  to  provide  memory  action 
after  the  transient  radiation  disturbance. 

.  Differential  -  A  differential  transformer  can  perform 
the  same  algebraic  subtraction  as  any  differential 
bipolar  transistor  circuit  with  less  effects  from 
the  ionizing  radiation. 

4.9  Summary 

A  summary  of  the  potentially  vulnerable  situations  that  may 
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occur  in  circuits  and  other  areas  of  concern  is  presented  in  Table  4-2. 
It  is  assumed  that  the  basic  hardening  technique  of  component  selection 
has  already  been  applied  based  on  guidelines  given  in  the  sections 
discussing  the  specific  component  areas. 


TABLE  4-2.  Possible  Radiation  Hardening  Techniques 


Vulnerable  Situation 

(Radiation  Induced)  Possible  Fixes 


Short  circuits  in  complimentary 
pair  transistors  (dc-dc  converters, 
encoders,  complimentary  drivers) 

Sneek  short  circuit  paths  in 
integrated  circuits  and  excessive 
substrate  currents 

Energy  storage  elements  shunted 
by  back  biased  semiconductors 

Oscillator  and  flip-flop  sticking* 

Series  pass  transistor  overload 
in  regulators 


Abnormal  sequencing 


Memory  disturbances 


Integrated  circuit  l«tch-up 


Prolonged  circuit  recovery 


-  Current  limit  energy  source 

-  Add  current  limiting  resistors 
or  magnetic  circuitry 

-  Current  limit  power  supplies  with  resistors 
and/or  reactors 

-  Use  dielectric  isolated  10*8 

-  Add  current  limiting  resistors 

-  Redesign  capacitor  input 
filters 

-  Insure  self  starting  after 
radiation  transient 

-  Add  current  limiting 

-  Circumvent  -  shunt  away  excess 
current 

-  Circumvent  -  do  not  allow 
any  abnormal  forcing 

-  Automatic  reset 

-  Reacquisition 

-  Circumvention 

-  Herd  memory 

-  Radiation  screening 

-  Power  shut  down 

-  Use  dielectric  isolation 

-  Reduce  time  constants 

-  Keep  currents  high  and 
impedances  low 


♦Sticking  is  failure  to  restart 
or  reset  after  irradiation 
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APPENDIX  1  TABULATED  TRANSISTOR  RADIATION  EFFECTS  DATA 
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This  document  is  subject  to  special  export  controls  and  each  transmittal  to  foreign 
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Space  and  Missile  Systems  Organisation 
Air  Force  Systems  Coanand 
Los  Angeles,  California  90045 


Tbia  report  provides  data  and  guide  lines  which  will  enable  circuit  designers  to 
assess  and  design  for  the  effects  of  radiation  on  space  power  subsystems.  Radiation 
effects  on  reilti.ors,  capacitors,  bipolar  transistors,  diodes,  integrated  circuits, 
MOSFffl's,  SCR's  and  other  electronic  components  are  included.  In  addition,  a  section 
on  catastrophic  failure  ic  semiconductors  dealing  with  latch-up  and  burn-out  is 
presented.  Radiation  effects  on  plastic  and  elastGoeric  materials  cowmonly  used  in 
space  systems  are  given.  Various  system  and  circuit  hardening  concepts  for  the 
electronic  circuit  designer  are  presented.  Part  II,  a  classified  supplement  r tt 
Included  in  this  volume,  contains  information  on  the  radiation  environment,  shielding 
techniques,  radiation  effects  on  metals  and  alloys  and  solar  cells,  and  thermo- 
mechanical  effects. 
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